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iAbstract
Sediment Cores collected from the shallow sub-sea floor beneath the Ross Ice
Shelf at Coulman High have been analysed using sedimentological techniques to
constrain the retreat history of the Last Glacial Maximum (LGM) ice sheet in the
Ross Embayment, and to determine when the modern-day calving line location of
the Ross Ice Shelf was established. A characteristic vertical succession of facies was
identified in these cores, that can be linked to ice sheet and ice shelf extent in the
Ross Embayment. The base of this succession consists of unconsolidated, clast rich
muddy diamicts, and is interpreted to be deposited subglacially or in a grounding
line proximal environment on account of a distinct provenance in the clast content
which can only be attributed to subglacial transport from the Byrd Glacier 400 km
to the south of the drill site. This is overlain by a mud with abundant clasts, similar
in character to a granulated facies that has been documented previously in the Ross
Sea, and is interpreted as being a characteristic grounding line lift-off facies in a
sub-ice shelf setting. These glacial proximal facies pass upward into a mud, which
comprises three distinctive units. i) Muds with sub-mm scale laminae resulting from
traction currents occurring near the grounding line in a sub-ice shelf environment
overlain by, ii) muds with sub-mm scale laminae and elevated biogenic content (di-
atoms and foraminifera) and sand/gravel clasts, interpreted as being deposited in
open water conditions, passing up into a iii) bioturbated mud, interpreted as being
deposited in sub-ice shelf environment, proximal to the calving line. The uppermost
facies consists of a ∼20 cm thick diatom ooze with abundant clasts and pervasive
bioturbation, indicative of a condensed section deposited during periodically open
marine conditions. During post-LGM retreat of the ice sheet margin in western Ross
Sea, and prior to the first open marine conditions at Coulman High, it is hypoth-
esized that the grounding and calving line were in relative close proximity to each
other. As the calving line became “pinned” in the Ross Island region, the ground-
ing line likely continued its retreat toward its present day location. New corrected
radiocarbon ages on the foraminifera shells in the interval of laminated muds with
clasts, provide some of the first inorganic ages from the Ross Sea, and strengthen
inferences from previous studies, that the first open marine conditions in the vicinity
of Ross Island were 7,600 14C yr BP. While retreat of the calving line south of its
present day position is implied during this period of mid-Holocene warmth prior to
its re-advance, at present it is not possible to constrain the magnitude of retreat or
attribute this to climate change rather than normal calving dynamics.
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Chapter 1
Introduction
1.1 Introduction
The Antarctic continent is covered by two large ice sheets, the East and West Antarc-
tic Ice Sheets, of which the West Antarctic Ice Sheet is mainly grounded below sea
level and is partially encompassed by several ice shelves that are thought to provide a
buttress restricting the flow of outlet glaciers that drain the grounded ice sheet. This
study investigates cores collected underneath the largest ice shelf, Ross Ice Shelf, on
the eastern site of Ross Island (Figure 1.1). To better comprehend the response of
the Ross Ice Shelf in the present day changing climate, an understanding of how the
Ross Ice Shelf reacted to past climate change is necessary. In particular, the style,
timing and rate of retreat of the grounded ice sheet in the Ross Embayment during
the last glacial termination is key in understanding the forcing that may lead to
future retreat of the West Antarctic Ice Sheet.
During the Antarctic Geological Drilling (ANDRILL) site survey of the 2010-2011
austral season, four holes were drilled through the Ross Ice Shelf at Coulman High
with the aim of collecting oceanographic and geologic data (Figure 1.2). The Coul-
man High drill sites are located between 10 and 20 km south of the present day
Ross Ice Shelf calving line, and 60 km east of Ross Island (Figure 1.2). The drill
site is located within an area affected by calving of large tabular icebergs. The last
calving event occurred in 2002 when the C-19 iceberg calved off (Ferrigno et al.,
2008), exposing most of the drill sites to open ocean conditions, and the ice shelf
has since extended further north at 2 md−1 (Fischbein, 2010). The Coulman High
drill cores studied in this thesis provide a record of the retreat history of the Ross
Ice Shelf including the timing of the retreat of the Last Glacial Maximum (LGM)
grounding line, the establishment of modern day calving position, and investigate
1
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Figure 1.1: The Antarctic continent, showing ice cover coloured by surface veloc-
ities (Rignot et al., 2011). RIS=Ross Ice Shelf, EAIS=East Antarctic Ice Sheet,
WAIS=West Antarctic Ice Sheet, AIS=Amery Ice Shelf, LIS=Larsen Ice Shelf,
RFIS=Ronne-Filchner Ice Shelf, WS=Weddell Sea. The orange box in A shows
the outline of B. The black box in B represents the location of the Coulman High
site survey, CH=Coulman High, RI=Ross Island.
the role that Ross Island may have played in acting as a pinning point that helped
stabilise the Ross Ice Shelf during the Holocene.
1.1.1 Thesis aims
This thesis presents the analysis and interpretation of gravity cores, which sample
the shallow sub-sea floor from four sites currently located beneath the Ross Ice Shelf.
The aims of this thesis are to:
• Refine existing sedimentation models for glacimarine sediments deposited dur-
ing the post LGM ice sheet retreat in Ross Sea by using sedimentological, geo-
chemical, geophysical, petrographic and paleontological analysis to distinguish
past periods of marine, sub-ice shelf and sub-glacial depositional environments
at this calving line proximal site.
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• Develop a retreat history of the grounded ice sheet in the Ross Embayment
and the development of the modern day ice shelf calving line position of the
Ross Ice Shelf during the Holocene.
1.1.2 Thesis structure
This thesis is structured as follows:
• Chapter 1 outlines the aims of the research and provides an overview of the
modern processes influencing the Ross Ice Shelf.
• Chapter 2 covers the large scale tectonic and geological setting of Ross Em-
bayment, including basin structure and Transantarctic Mountain geology that
provides a background to sediment transport pathways and provenance. It
also summarises the understanding of glacial history of the Ross Embayment
from the LGM to present day.
• Chapter 3 discusses data acquisition and methodologies.
• Chapter 4 presents the results from the sedimentological, physical properties,
petrology, diatom and radiocarbon analyses.
• Chapter 5 discusses the results and their implications, in particular the be-
haviour of the grounded ice sheet/Ross Ice Shelf in the Western Ross Sea since
the LGM.
1.2 Modern day setting
1.2.1 Ice shelves
The Ross Ice Shelf, encompassing an area of 560,000 km2, is the world’s largest
ice shelf (Figure 1.1). Two thirds of the ice shelf is sustained by ice streams that
drain the West Antarctic Ice Sheet (WAIS) and the remaining third by glaciers that
discharge from the East Antarctic Ice Sheet (EAIS), through the Transantarctic
Mountains (TAM) (Fahnestock et al., 2000). The EAIS is the more stable of the
two ice sheets, as it is mostly grounded above sea level, and a loss of ice shelves is
thought to not have a significant influence on the mass balance of the EAIS (Thomas,
1979). However, the WAIS is largely grounded below sea level, and Mercer (1978)
proposed the ice shelves play a vital role in the stability of the WAIS, and that
the retreat of ice shelves would be the first sign of the effects of a warming climate
(Rignot et al., 2004).
Without the existence of the Ross Ice Shelf, and other major ice shelves surrounding
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Figure 1.2: Schematic map of ANDRILL field area. The four different sites (blue
circles) were used for oceanographic and sedimentological data recovery. Yellow
circles represent the proposed Coulman High drill holes. Previous drill holes are
depicted by stars. Image courtesy of Richard Levy, ANDRILL.
the ice sheet, it is possible that the WAIS will collapse rapidly. The bedrock under
the WAIS offers few stabilising points for the grounding line, i.e. there are few steps
present in the bedrock. The presence of the ice shelves helps to not only thicken the
ice sheet, but they essentially ‘buttress’ the ice sheet. They exert a back pressure
on the grounding line, which slows down the ice flow rate of the ice sheet (Thomas,
1979). Additionally, retreat of the grounding line is controlled by the nature of the
bed topography. If the bedrock slopes downwards to the interior of the ice sheet
(i.e. in case of West Antarctica), a steady state of the ice sheet cannot be reached
and the retreat of the grounding line accelerates, and total collapse of the ice sheet
is likely to follow (Thomas, 1979; Schoof, 2007).
The presence of pinning points in the Ross Embayment plays an important role
in the stability of the Ross Ice Shelf and ultimately the stability of the WAIS, allow-
ing ice shelves to thicken and strengthen (Thomas and Bentley, 1978; Alley et al.,
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1989). Lindenberg Island is situated in the northern part of the previously extensive
Larsen-B Ice Shelf. This island has acted as a pinning point and delayed the retreat
of the ice shelf (Rott et al., 1998). It is likely that Ross Island plays a similar role
for the Ross Ice Shelf.
While the mean annual -5◦C isotherm was previously considered to govern the sta-
bility of an ice shelf (Vaughan and Doake, 1996), it now seems that sub-shelf ocean
temperature plays a more important role (Domack et al., 2005; Pritchard et al.,
2012). Sediment cores collected in the area where the Larsen B Ice Shelf used to
be on the Antarctic Peninsula, suggest that the ice shelf was thinning throughout
the Holocene due the warming of the ocean water, and that the more recent rise of
atmospheric temperatures in combination with the already thinned ice shelf, caused
the collapse of the ice shelf in March 2002 (Domack et al., 2005). Following the
collapse of the Larsen B Ice Shelf, Landsat imagery indicated that four glaciers that
were buttressed by the Larsen B Ice Shelf, sped up by two- to six-fold for a period
of three years (Scambos et al., 2004).
Continuous Antarctic atmospheric temperature measurements began in 1957, and
show that the continent as a whole has warmed since (Jacka and Budd, 1998).
Warming of the continent is strongest on the Antarctic Peninsula, with +1.1◦C
per decade (Steig et al., 2009), and this warming of the Peninsula extends into the
WAIS. However, Bertler et al. (2004) showed that the Ross Sea region has undergone
regional cooling which is linked to the El Nin˜o Southern Oscillation (ENSO) and
the Southern Annular Mode (SAM). When it is a La Nin˜a event, the Amundsen Sea
Low is positioned at the edge of the Ross Sea. However, during a positive SAM in
combination with El Nin˜o, the Amundsen Sea Low is located at ∼140◦W, and this
causes cool air to flow from the West Antarctic continent to flow onto the Ross Ice
Shelf (Cullather et al., 1996; Bertler et al., 2004). The positive trend of the SAM is
the poleward migration of the westerly winds (e.g. Fyfe et al., 1999) as well as the
depletion in ozone over the pole and to increased greenhouse gasses (e.g. Thompson
and Solomon, 2002; Arblaster and Meehl, 2006). The Ross Sea region is kept cooler
under conditions of a positive SAM (Bertler et al., 2004).
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Calving
The typical behaviour of an ice shelf is to move seaward, pushed by the flow of the
grounded ice sheet in the direction of the ocean and driven by its thickness gradient
which in turn controls flux at the grounding line. On the whole, the ice shelf speeds
up seaward as its flow becomes less constricted. As the ice shelf keeps extending,
it will reach an unstable position and stresses in the ice will cause the calving of
icebergs (Ferrigno et al., 2008). The modern day calving of large tabular icebergs
originates from existing rifts that are parallel to the calving front, and cut through
the ice shelf (Figure 1.4; Lazzara et al., 2008). These rifts can be several hundreds
of kilometres long, cutting through the entire shelf and filling with ocean water,
sea ice and windblown snow. The rifts can form by surface crevasses propagating
downwards, by bottom crevasses that propagate upwards, or lateral propagation of
a crack initiating near the edge of the shelf (Lazzara et al., 2008).
The discrimination between normal calving events and climate-induced retreat of
ice shelves is difficult, but in general if an ice shelf becomes unstable, its retreat
will increase via small annual calving events, without a significant re-advance of the
ice shelf (Vaughan and Doake, 1996). The front of the Ross Ice Shelf is currently
stable, and the calving of tabular icebergs, such as C-19 at Coulman High, has
likely occurred throughout much of the Holocene, i.e. since the stabilisation of the
calving line in the vicinity of Ross Island. The Ross Ice Shelf advances as a whole
approximately 1 km/y near the ice front (Paterson, 1994), and as a consequence is
expected to calve on average at the same rate, albeit in calving events separated by
several decades (Figure 1.3).
Recent calving events on the Ross Ice Shelf have been captured by satellite im-
agery. In March 2002, a large iceberg (C-19) calved off the Ross Ice Shelf near
Ross Island, and is the most recent natural calving event (Figure 1.3; Lazzara et al.,
2008). Horgan et al. (2011) suggest that such calving events influence the basal melt
rate of the Ross Ice Shelf. During periods of no calving, the surface elevation of the
ice shelf thins as it approaches the front. After a calving event, the thickness of the
shelf reverts back to an equilibrium thickness of a shelf that is flowing freely, and
hence has a lower melt rate (Horgan et al., 2011).
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1.2.2 Ice flow
Satellite imagery is a useful tool to determine the flow of the Antarctic Ice Sheets.
Using a composite Advanced Very High Resolution Radiometer (AVHRR), Fahne-
stock et al. (2000) were able to identify the flow and subtle topographic features of
the Ross Ice Shelf (Figure 1.4). By depicting the traces seen on the ice shelf it is
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Figure 1.4: Satellite image of the Ross Ice Shelf (Haran et al., 2005). The dark blue
square represents the location of the Coulman High site survey. The flow lines from
the Byrd and the Mulock Glacier are highlighted by the light blue lines.
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possible to detect the origin of the ice (i.e. from which glacier or ice stream the ice
flowed from). The pattern of modern day ice flow in western Ross Sea depicted by
AVHRR indicates that the study area in this thesis is mainly fed by ice from Byrd
Glacier, and smaller glaciers further north (Figure 1.4).
The current velocity of the ice shelf near the calving line at the study site is 2
m/day, as measured by continuous GPS monitoring during the ANDRILL site sur-
vey in the austral summer of 2010-2011 (Fischbein, 2010). The present-day position
of the calving line lies at approximately 77◦ south, and the grounding line is situated
along the Siple Coast (Shabtaie and Bentley, 1987).
1.2.3 Importance of the oceans with respect to the ice shelves
The importance of the ice shelves around the Antarctic continent goes beyond their
role as buttresses to the ice sheet. The impact the ice shelves have on the ocean
is critical since their interaction contributes to the formation of Antarctic bottom
water (Orsi et al., 1999). The melting and freezing of the water underneath the
ice shelf modifies the water density and temperature. Super cold water underneath
ice shelves, formed by the melting and refreezing, is called Ice Shelf Water (ISW).
In the Ross Sea, ISW is defined by water temperatures colder than -1.9◦C and a
salinity of ∼34 psu (Jacobs, 2004). The dense water mass that is formed by the
formation of sea ice is called High Salinity Shelf Water (HSSW) and can mix with
the ISW to flow to the edge of the continental shelf and mixes with the Circumpolar
Deep Water (CDW) to form Antarctic Bottom Water (AABW; Figure 1.5; Smethie
et al., 2005). The stability and mass balance of the ice shelves is strongly controlled
by marine and atmospheric influences, such as atmospheric and ocean temperature,
precipitation, and sea level change (Holland et al., 2008; Pollard and DeConto, 2009).
It has been noted that since 1994 the ice shelves in Pine Island Bay have been
thinning due to the presence of relatively warm water (e.g. Jacobs et al., 1996;
Shepherd et al., 2001; Rignot and Jacobs, 2002; Shepherd et al., 2004). The source
of the warm water has recently been identified to be CDW (Jacobs et al., 2011). Due
to oceanographic processes, the warm CDW (with maximum temperatures +1.2◦C;
Jacobs, 2004), moves onto the continental shelf, and since this water mass is warmer
than the ISW and HSSW, it may cause relatively rapid basal melting of an ice shelve
(Jacobs et al., 2011). Pritchard et al. (2012) states that the fastest thinning of the
marine based of an ice sheet, exists in places where the basal melt rates are ele-
vated because warm ocean water is able to reach ice shelves and the grounding zone
CHAPTER 1. INTRODUCTION 10
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Figure 1.5: Schematic diagram of the circulation and water mass formation at the
Ross Ice Shelf ice front. AASW = Antarctic Surface Water, CDW = Circumpolar
Deep Water, MCDW = Modified Circumpolar Deep Water, ISW = Ice Shelf Water,
HSSW = High Salinity Shelf Water, AABW = Antarctic Bottom Water. Dashed
circulation cell labelled C = winter convective mixing, dashed circulation cell labelled
T = tidal mixing. Image modified from Smethie et al. (2005).
via deep ocean troughs. Rignot and Jacobs (2002) emphasise that the area near
the grounding line, where the glacier starts to float, is highly sensitive to increased
ocean temperatures. For every 0.1◦C of warming ocean water, the ice shelf melting
rate increases by 1 metre per year (Figure 1.5; Rignot and Jacobs, 2002).
Chapter 2
Regional Setting
2.1 Large scale tectonic setting
Antarctica can be divided into three main tectonic parts, the East Antarctica cra-
ton, the West Antarctic Rift System (WARS) and the Transantarctic Mountains
(TAM) (Watson et al., 2006). When reconstructing Gondwana, East Antarctica has
been treated as a stable block, whereas West Antarctica is an archipelago which has
moved relative to East Antarctica (Dalziel and Elliot, 1982). The WARS is among
the largest rift systems on Earth (Behrendt et al., 1991) and transects the Antarctic
continent. The TAM marks the western Ross Sea and the western boundary of the
WARS, and is the largest non-collisional mountain range in the world (Uri et al.,
1997). The mountain belt is a division between the East Antarctic craton and the
WARS (Watson et al., 2006).
Due to the existence of a continental-scale ice sheet for the last 34 Ma, only limited
sedimentary rock successions are exposed which has led to a fragmented history
of the climatic and tectonic evolution of Antarctica during the Cenozoic (Barrett,
2008). Both the Cenozoic Investigations of the Ross Sea-1 (CIROS-1) and the Cape
Roberts Projects have given a more detailed insight into the geological evolution of
Antarctica and the ice sheet during the last 34 Ma (Barrett, 1996; Naish et al., 2001).
Numerous seismic reflection surveys have been undertaken in the Ross Embayment
that have led to several seismic frameworks and interpretations for the evolution of
the Victoria Land Basin (e.g. Hall et al., 2007; Cooper et al., 2008; Fielding et al.,
2008).
The Ross Sea is part of the WARS and contains three major north-south trending
sedimentary basins; the Victoria Land Basin, the Central Trough and the Eastern
Basin (Cooper et al., 1987). The three basins are separated by two basements highs,
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Figure 2.1: Map of the tectonic setting in the Ross Sea. Ross Sea rift basins and
Transantarctic Mountains are components of the West Antarctic Rift System. CH
= Coulman High, C. Island = Coulman Island, Blue square = study area. Dashed
line is the proposed extent of the grounding line during the LGM from Shipp et al.
(1999). Map modified from Henrys et al. (2007).
the Coulman and Central Highs (Henrys et al., 2007; Figure 2.1). The latest ex-
tension in the WARS has occurred in the Terror Rift, which is located within the
Victoria Land Basin, Western Ross Sea (Figure 2.1; Henrys et al., 2007). Ross Is-
land is located at the southern extension of the Terror Rift (Hall et al., 2007), and
the island is comprised of three volcanoes; Mount Bird, Mount Terror and Mount
Erebus. Mt Bird and Mt Terror are older volcanic complexes, and evolved as basalt
shield volcanoes between 4.6-3.8 and 1.7-1.3 Ma, respectively (Wright and Kyle,
1990a; Wright and Kyle, 1990b). Mt Erebus is the youngest volcano on Ross Island,
and the highest volcano in the McMurdo Volcanic Group (Kyle and Cole, 1974).
The Mt Erebus building phase started between 1.3-1.0 Ma, and reached its present
day configuration only 0.25 Ma (Esser et al., 2004). The absence of Ross Island in
the Pliocene could explain why an ice shelf was not sustained in the Ross Sea during
this time (McKay et al., 2009). Alternatively, climate may have been too warm for
ice shelf development (e.g. Naish et al., 2009; McKay et al., 2012a).
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2.2 Geological setting
The eastern part of the Ross Ice Shelf is bounded by the TAM which acts as a
physical barrier between the EAIS and WAIS. South of Minna Bluff, the TAM are
composed of seven major rock units, of which the oldest dates are Precambrian,
and the youngest are Quaternary in age. Between Byrd Glacier and Minna Bluff,
the TAM contain four major basement rock divisions, the Byrd Group, the Granite
Harbour Intrusive Complex, the Beacon Group and the Ferrar Group, dating from
Cambrian to Paleozoic and consisting of a range of metasedimentary, metamorphic
and igneous rocks (Craddock, 1972). The Byrd Group are a series of shallow marine
sediments, located on the southern margin of the Byrd Glacier, and are dominated
by marbles and limestone, but also includes shales, sandstones and conglomerates.
The folding and low grade metamorphism observed in the Byrd Group occurred
during the Ross Orogeny (Late Cambrian to Early Ordovician; Craddock, 1972).
The Granite Harbour Intrusive Complex was formed during and after the Ross
Orogeny, consequently both granites and mylonitic granites are observed. The Gran-
ite Harbour Intrusive Complex intrudes the Byrd Group and older rock units (Crad-
dock, 1972). The Kukri Peneplain, an erosional surface, can be found throughout
the TAM, and is unconformably overlain by the Beacon Group, a sequence of conti-
nental sedimentary rocks. The Beacon Group can be observed throughout the area
between Minna Bluff and the Byrd Glacier and contains coal measures, sandstones,
and conglomerates. The age of this succession ranges from Devonian to Triassic
(Craddock, 1972). The Beacon Supergroup is intruded by doleritic sills, dykes and
plugs, known as the Ferrar Group (Craddock, 1972). At the north eastern outlet
part of the Byrd Glacier, Horney Bluff, is an outcrop of metamorphosed granites,
namely the Horney Formation (Borg et al., 1989).
To the north, Ross Island (Mt Bird, Mt Terror and Mt Erebus), Mt Discovery and
White and Black Island are part of the McMurdo Volcanic Group (MVG), which
began evolving in the Pliocene (Wright and Kyle, 1990a). The rocks in the MVG
contain alkali-basalt deposits of intraplate origin (Craddock, 1972), including small
anorthoclase phonolite vents on Mt Erebus (Moore and Kyle, 1990), and pyroclastic
breccias are found at Cape Crozier, Mt Terror (Wright and Kyle, 1990b).
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Figure 2.2: Geological map from the Transantarctic Mountains. Modern ice flow
direction (blue lines) are also shown. Image from McKay (2008).
2.3 Holocene climate
From the 19th century, it was recognized that the configuration of the Earth’s
rotation around the sun was responsible for the long term glacial-interglacial cy-
cles, known as Milankovitch cycles (Milankovitch, 1941). Superimposed on the
Milankovitch-scale glacial-to-interglacial cycles, changes of shorter duration have
been identified in ice and sediment cores.
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Ice cores
Ice cores drilled in Antarctica provide a continuous climatic history over the past 800
kyr, which in turn can be correlated with other paleoclimate records (Jouzel et al.,
2007). These ice cores contain a number of useful proxies, including local surface
temperature and direct measurements of atmospheric carbon dioxide. Some of the
longest ice core records originate from the East Antarctic Plateau, but ice cores that
are drilled closer to the coastal margins are believed to be influenced by regional
signals controlled by the oceans and tropospheric circulations (Stenni et al., 2010).
Steig et al. (2000) record that the Taylor Dome shows a rapid warming after the
LGM, followed by a sudden cooling event before the onset of warmer temperatures
in the Holocene. However, the chronology of the Taylor Dome core has been called
into question due to the applied dating technique (e.g. Mulvaney et al., 2000).
By comparing several ice core records from across Antarctica, Masson et al. (2000)
document that the early Holocene optimum occurred between 11,500 and 9000 years
ago. Ice cores near the Ross Sea show a secondary warm period between 7000 and
5000 years ago (Masson et al., 2000). The Talos Dome Ice CorE (TALDICE) from
Northern Victoria Land near the Ross Sea, has provided a temperature record from
the last 250 kyr (Stenni et al., 2010). The δ18O data of TALDICE suggest the
last glacial termination started at 18.2 ± 0.7 ky BP, triggered by orbital cycles and
intensified by the feedback of CO2 (Shakun et al., 2012), with the Antarctic Isotope
Maximum 1 at 14.7 ± 0.3ky BP. This coincides with the onset of the Antarctic
Cold Reversal (ACR) cooling, which reversed a period of late glacial warming (e.g.
pre-Bolling warming) and lasted until 12.7 ± 0.3 ky BP (Figure 2.3; Stenni et al.,
2010), after which warming recommenced. Ice cores in East Antarctica, both Dome
C and Vostok ice cores, recorded a relatively warm period during the Holocene, and
this has been correlated with the Holocene climatic optimum, between 10 and 6 ka
(Ciais et al., 1992).
Sediment core from the Antarctic Peninsula
Sediment cores can be used as a proxy to obtain temperature data. Sea surface
temperature (SST) can be derived by using the paleothermometer TEX86 (tetraether
index consisting of 86 carbon atoms) analysis on the contents of the sediment cores
(Wuchter et al., 2004). A sediment core drilled on the western side of the Antarctic
Peninsula, has been analysed to produce a SST record from TEX86 going back to
12 ky BP (Shevenell et al., 2011). They interpret SST in terms of an overall cooling
trend during the Holocene, with fluctuation between 2-4◦C. Warm periods occurred
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Figure 2.3: δ18O V-SMOW versus kyr BP from TALDICE record. The ACR-cooling
occurs between 14.7 and 12.7 kyr BP. Data from Stenni et al. (2010).
at 11, 9, 6.5, 5.5, 3.5 and 1 kyr BP, and cold intervals occurred centred on ∼7.5, 6,
4.5, 2.3 and 0.2 kyr BP (Shevenell et al., 2011).
2.4 Ross Ice Shelf
2.4.1 Ross Sea during the last glacial advance
Along the Siple Coast, at the present day grounding line of the Ross Ice Shelf, five
ice streams drain the WAIS. Ice streams have relatively high velocities, of a few
hundreds of metres per year, compared to the rest of the ice sheet that flows at a
rate of tens of metres per year (Shabtaie and Bentley, 1987). The sediment moved
by these fast flowing ice streams is deposited in wedges, known as grounding-line
wedges (Alley et al., 2007), and these features have been imaged using radar at the
present day grounding line along the Siple Coast (Anandakrishnan et al., 2007). The
presence of megascale glacial lineations (MSGL), grounding zone wedges and other
subglacial geomorphic features detected by swath bathymetry and shallow seismo-
logical data on the continental shelf of the Ross Sea have been used to constrain the
extent of the ice sheet at the last glacial maxima and the retreat of the grounded
ice (Shipp et al., 1999). During the LGM, both the EAIS and WAIS expanded, and
Shipp et al. (1999) identified grounding zone wedges at ∼74◦S, suggesting that the
LGM ice sheet extended north of Coulman Island in the western Ross Embayment
(Figure 2.1).
In addition to swath bathymetry, shallow seismological data and sediment cores
collected in the Ross Sea help constrain the timing and extent of the grounded ice
sheet and there is also terrestrial evidence for the presence of an ice advance during
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the LGM. The advance of a grounded ice sheet in the Ross Embayment deposited
the Ross Sea drift in the mouth of the Taylor Valley. Radiocarbon dates on algae
found in the Ross Sea drift showed the Taylor Valley was blocked off by grounded ice
and had glacial lakes at 23,800 14C yr BP (Hall and Denton, 2000). The youngest
ice-dammed lake in the Taylor Valley has been dated at 8,340 14C yr BP, implying
that a grounded ice sheet was present at the mouth of Taylor Valley between 23,800
and 8,340 14 yr BP (Hall and Denton, 2000).
Geological data and models are used to estimate the contribution from East and
West Antarctic ice to the grounded ice and the Ross Ice Shelf during the LGM. The
reconstruction the marine ice sheet in the Ross Embayment by Stuiver et al. (1981)
suggests that the WAIS ice streams that flow into the Ross Ice Shelf at the Siple
Coast extended during the LGM to the edge of the continental shelf, and that the
grounded ice/Ross Ice Shelf was almost exclusively sourced from West Antarctica.
Subsequent models constrained by terrestrial (e.g. fresh gravel drift along the TAM
outlet glaciers and raised profiles related to thickened glaciers during the LGM) and
marine data (e.g. sea floor features including northeast-southwest trending ridges
and troughs, and provenance studies of glacimarine tills), suggest that the ice in the
western Ross Sea was derived from East Antarctica and that the ice in the eastern
Ross Sea was derived from West Antarctica (Figure 2.4; Licht and Fastook, 1998;
Shipp et al., 1999; Denton and Hughes, 2000).
To better constrain where the ice was derived from in different parts of the Ross
Sea, Licht et al. (2005) analysed clasts in LGM till from the Ross Embayment
and compared it to rocks from the continental source areas in both East and West
Antarctica. The sediments deposited in the Eastern and Central Ross Sea during the
LGM indicate a West Antarctic provenance, whereas the glaciers from the TAM in
East Antarctica (like the Nimrod and Byrd Glacier), extended south and deposited
the sediments in the Western Ross Sea (Licht et al., 2005). At the Coulman High
site, the paleo-ice flow is likely to be derived from the Byrd Glacier region (Licht
et al., 2005).
2.4.2 Holocene retreat history of the Ross Ice Shelf
Using short sediment cores collected in the embayment in conjunction with seismic
profiles, the retreat of the grounded ice and the Ross Ice Shelf has previously been
reconstructed (e.g. Licht et al., 1996; Domack et al., 1999; Shipp et al., 1999; Licht
et al., 2005; McKay et al., 2008). Domack et al. (1999) analysed short sediment
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This thermomechanical model allowed for basal sliding,
accounted for isostatic adjustments, and was based on a
20 km grid. A reconstruction by Denton and Hughes
(2000) based on ice extent and ice elevation data shows
flow lines similar to the Licht and Fastook (1998) model.
These models provide testable hypotheses of the LGM
flowlines in the Ross Ice Sheet.
Many studies (i.e., Hughes, 1977; Balshaw, 1980;
Domack et al., 1999; Shipp et al., 1999) have proposed
that the NE–SW trending troughs, which are distinctive
features of Ross Sea floor bathymetry (Fig. 1), were
formed by ice streams within the Ross Ice Sheet and/or
constrained flow during the LGM advance of the Ross
Ice Sheet. Several studies interpret the troughs as
remnant features sculpted by enlarged West Antarctic
ice streams within the Ross Ice Sheet (Hughes, 1973;
Shipp et al., 1999). However, no direct evidence ties the
troughs to enlarged West Antarctic ice streams.
This study correlates the coarse sand composition of
LGM till from across the Ross Sea with till from source
areas in East and West Antarctica in order to identify
past ice flow paths. We expand upon the results of
previous provenance studies (Balshaw, 1980; Anderson
et al., 1992) by including till samples from the source
terranes, which provide an essential link between till
ARTICLE IN PRESS
Fig. 1. Location map showing the Ross Embayment study area with approximate sampling locations and features pertinent to this study. Note that
the Ross Sea has been divided into three areas; ERS, WRS, and CRS. Refer to Table 2 for the respective sample numbers at sampling locations.
DIT ¼ Drygalski Ice Tongue, RISP ¼ Ross Ice Shelf Project core sites. Bathymetric contours are in meters. Inset map shows modern ice flow lines
and the drainage basin for the Ross Sea (modified from Drewry, 1983). WAIS ¼West Antarctic ice sheet, EAIS ¼ East Antarctic ice sheet.
Fig. 2. Simplified schematic reconstructions illustrating the basic
differences between the paleoice-flow models proposed by Stuiver et al.
(1981) vs. Licht and Fastook (1998) and Denton and Hughes (2000).
Wider lines indicate higher velocity ice flow. The shaded area shows
the Ross Sea continental shelf. WAIS ¼West Antarctic ice sheet,
EAIS ¼ East Antarctic ice sheet.
K.J. Licht et al. / Quaternary Science Reviews 24 (2005) 1499–15201500
Figure 2.4: Schematic reconstructions of the potential paleoice-flow models of the
WAIS and EAIS into the Ross Ice Shelf at the LGM. Left flow model is from Stuiver
et al. (1981). Right flow model from Licht and Fastook (1998) and Denton and
Hughes (2000). Wider lines indicate higher velocity ice flow. The shaded area
shows the Ro s Sea continental shelf. WAIS = West Antarctic ice she t, EAIS =
East Antarctic ice sheet. Image from Licht et al. (2005).
cores collected in the Western Ross Sea, using them to identify a retreat succession
of four different facies that were related to the retreat of the ice in the Western Ross
Sea.
In ascending order, this succession consists of:
1. Massive, mud-rich diamicton, representing subglacial deposition.
2. Stratified granulated facies consisting of pelletized, sandy, muddy gravel, repre-
senting a “lift-off” facies; deposited sea-ward of the grounding line in a sub-ice
shelf environment via melt out of the basal debris layer at the base of a floating
ice shelf.
3. Silt and clays with a well-sorted, very fine grained sand component, represent-
ing a sub-ice shelf deposition beneath an ice shelf that is free of basal debris
and characterised by very low sedimentation rates. This is known as the “null
zone”.
4. Siliceous mud and ooze, representing deposition in an open-marine setting.
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kilometers beyond the grounding line, and long before
the shelf ice reached the Windless Bight core sites.
Sediment in the western Ross Sea today is accumu-
lating primarily in north–south-trending troughs
between 600 and 1200 m deep, once sites of former
ice streams draining the WAIS and EAIS-sourced outlet
glaciers during the Last Glacial Maximum (Hughes,
1977; Mosola and Anderson, 2006). However, 500 km
south of the continental shelf edge, and 300 km south of
the LGM grounding line, volcanic Ross Island is
surrounded by a basin over 900 m deep, termed a
“flexural moat”, formed by lithospheric loading (Stern
Fig. 1. Map of Ross embayment showing regional bathymetry (500 m contours), simplified modern ice flow for the Ross Ice Shelf (after Fahnestock
et al., 2000), and localities mentioned in the text. Also shown is a chronology for the retreat of the Ross Ice Sheet from this study (black lines and
circles) and previous workers (dark grey)––solid lines indicate the maximum position of the calving line for the Ross Ice Shelf, while dashed lines
indicate the maximum position of the grounding line, including its present day position along the Siple Coast. Ice shelf extent at the LGM is poorly
constrained and is based on a sedimentary hiatus observed in sediment cores (Licht et al., 1996). Transect line A-A' for Fig. 5 is also shown.
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Figure 2.5: Map of Ross Em ay ent with the retreat of the grounded ice sheet and
Ross Ice Shelf since the LGM. Chronology is shown with black lines and circles from
McKay et al. (2008), and grey lines and circles based on previous work. Solid lines
indicate maximum position of the calving line for the Ross Ice Shelf, and dashed
in s indicate maximum position of th grounding li e. Im ge from cKay et al.
(2008).
This facies are discussed in more detail in Chapter 5. The radiocarbon chronology
of these sediment cores suggest that the grounding line had retreated south of the
Drygalski Trough (75.5◦ south) by 11 14C ka and that open-marine conditions were
established around 9.5 14C ka (Figure 2.5; Domack et al., 1999). Three gravity cores
collected from underneath the McMurdo Ice Shelf (north west corner of the RIS)
during 2003 and 2006, and six piston cores from the Erebus Basin and Lewis Basin
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A B
Figure 2.6: Two scenarios for the deglaciation of the Ross Sea, dashed lines represent
the location of the grounding line. A) Cartoon depicting the swinging gate model
from Conway et al. (1999). The grounding line retreats faster along the TAM. B)
Cartoon depicting the saloon door model from Ackert Jr. (2008). The grounding
line positions are based on the mapping in the Ross Sea by Shipp et al. (1999).
Image from Ackert Jr. (2008).
collected by the USCGC Glacier as part of Operation Deep Freeze (DF) in 1979-80
were investigated by McKay et al. (2008) to provide the southern most constraint
on the retreat history of the ice sheet in the Ross Embayment (Figure 2.5). They
concluded that the lift-off of the ice sheet in McMurdo Sound occurred ∼10,100 14C
years BP, while the calving line of the ice shelf retreated to the northern region of
Ross Island prior to ∼8,900 14C years BP but had not retreated further south than
Ross Island at any time in the Holocene (McKay et al., 2008). The youngest delta
to remain from proglacial lakes in the Taylor Valley has been dated to be 8,340 14C
yr BP, and therefore Hall and Denton (2000) suggests that the ice sheet was still
grounded at that time in McMurdo Sound. Samples of shells and seal skins from
raised beaches along the Scott Coast were used to produce a radiocarbon chronol-
ogy to date the deglaciation. They imply that the deglaciation of an ice shelf within
McMurdo Sound took place between 8,340 and 5,730 14C yr BP (Hall and Den-
ton, 1999). Conway et al. (1999) proposed a deglaciation model for a grounded ice
sheet in the Ross Sea based on chronology along the Scott Coast, Hatherton Glacier
(TAM) and Roosevelt Island (Figure 2.6). They suggest a ‘swinging gate’ model
for the retreat of the grounding line; as the grounded ice retreated along the Scott
and Shackleton Coast, and reached Hatherton Glacier around 6,800 yr B.P., the ice
stayed pinned to Roosevelt Island until 3,200 yr B.P. (Conway et al., 1999).
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The extent of the grounding line during the LGM as mapped out by Shipp et al.
(1999), suggests that the position of the grounding line at various stages in the
retreat of the grounded ice was governed by the bathymetry of the Ross Sea. Ack-
ert Jr. (2008) uses this data to advocate for a ‘saloon door’ retreat of the ice sheet,
where the retreat of the ice sheet was governed by a calving embayment over the
Eastern Basin (Figure 2.6).
The timing of the retreat of the ice shelf is still contentious due to the issues arising
from the use of 14C from acid insoluble organic (AIO) component of bulk sediment
to produce a chronology. There are problems associated with using radiocarbon
dating on the Antarctic continental shelf, due to the recycling of old carbon in the
environment, as well as the variations in the reservoir age of marine 14C carbonate
material. For more information on the issues surrounding 14C dates in the Antarctic,
see Chapter 3, and the topic has been discussed extensively in previously published
work (e.g. Gordon and Harkness, 1992; Andrews et al., 1999; Domack et al., 1999;
McKay et al., 2008). Due to the inability to obtain a well constrained chronology,
the timing and potential drivers of the retreat are still debated.
During the last deglaciation, there were two occasions when sea level rose sub-
stantially in a relative short time frame, named meltwater pulse (mwp) 1A and 1B.
Fairbanks (1989) dated the first rise in sea level of 20 m between 17,100 and 12,500
yr BP, mwp-1A. The second substantial increase in sea level, was 28 m and took
place around 9,500 yr BP, mwp-1B (Fairbanks, 1989).
McKay et al. (2008) suggest that it is possible that the accelerated retreat between
the outer Drygalski Trough to Ross Island, within 1,000 years, preceded meltwater
pulse 1B or maybe even contributed to mwp-1B. Mackintosh et al. (2011) support
this finding and suggest that the retreat of the EAIS since the LGM was caused by
both the warming of the ocean and rapid sea level rise and imply mwp-1A was from
the Northern Hemisphere, initiating lift off of the grounding line. At ∼14 kyr the
ice sheet began to retreat, even though this was during the Antarctic Cold Reversal
and the temperatures were cooling as recorded in Antarctic ice core temperature
records (e.g. Blunier et al., 1998). A new chronology derived for mwp-1A derived
from drill cores in Tahiti, suggest the event happened between 14.65 and 14.31 ky
BP (Deschamps et al., 2012), and this date pre-dates the initial retreat of the Ross
Ice Shelf, hence the retreat could not have contributed to mwp-1A. Subsequent
southern ocean warming from ∼13 ky led to the accelerated rate of the Antarctic
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ice margin retreat at this time (Barrows et al., 2007). However, Deschamps et al.
(2012) suggest that up to 50% of the increase in sea level from mwp-1A could have
been sourced from the Antarctic continent.
2.5 Antarctic studies on Holocene sediment cores
in different regions
Other areas along the Antarctic continent have been studied using short sediment
cores to obtain the climate and ice shelf history since the LGM.
Prydz Bay
The Lambert Glacier/Amery Ice Shelf system in East Antarctica, located in the
Indian Ocean sector, drains about a fifth of the ice from East Antarctica into Prydz
Bay (Hambrey et al., 1991). Analyses on sediment cores collected from underneath
the Amery Ice Shelf were done to determine the retreat of the ice shelf (Hemer and
Harris, 2003). There are six units recognized in the sediment core, and these are
comparable with the facies succession of Domack et al. (1999). In ascending order,
unit 6 represents a subglacial environment, unit 5 and 4 were deposited close to the
grounding zone, unit 3 and 2 represent a sub-ice shelf environment, and unit 1 is a
siliceous mud and diatom ooze, indicative of open or near open marine conditions
(Hemer and Harris, 2003). An increase of a sea ice diatom Fragilariopsis curta at
ca. 5700 14C yr BP is interpreted to be a retreat of the ice shelf (Hemer and Harris,
2003).
Antarctic Peninsula
Like all parts of Antarctica, the ice sheets and ice shelves encompassing the Antarc-
tic Peninsula advanced during the LGM. One such region was in Marguerite Bay,
west of the Antarctic Peninsula, where a paleo-ice stream extended to the edge of
the continental shelf (O´ Cofaigh et al., 2005). There are two distinctive tills de-
posited in the Marguerite Bay; the lower till is a massive diamict with increased
shear strength, and decreased porosity. The upper till is soft, has a lower shear
strength and increased porosity. O´ Cofaigh et al. (2005) interpret that this facies
is deposited underneath the paleo-ice stream when the ice had advanced, as it was
cored beneath a MSGL. Bulk sediment dates from the diatom ooze suggest that
glacimarine environment was established 12,610 ± 110 14C yr BP. During open ma-
rine conditions, icebergs inhabit locations which were previously occupied by ice
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shelves. Icebergs can carry coarse sediment and as the icebergs melt, the sediments
rain out as ice rafted debris (IRD). The IRD from icebergs is often differentiated
from sediments carried by ice shelves and grounded ice, as it will have a differ-
ent provenance (Pudsey and Evans, 2001). Consequently, the presence of IRD in
sediment cores is interpreted that open water conditions were seen at that time.
Sediment cores collected near ice shelves located in the most northern part of the
Antarctic Peninsula were analysed to determine their retreat history (eg. Pudsey
and Evans, 2001; Bentley et al., 2005). The presence of IRD suggest that the ice
shelves retreated in the early-mid Holocene (e.g. Pudsey and Evans, 2001; Bentley
et al., 2005).
Chapter 3
Methodology
3.1 Field work
The Antarctic Geological Drilling (ANDRILL) program conducted a site survey
on the Ross Ice Shelf, at Coulman High to the east of Ross Island (Figure 3.1),
between November 2010 and January 2011 as part of preparations for a planned
drilling project targeting an Early Cenozoic sequence (see Appendix A for details
on studies conducted). This thesis investigates the collection of sediment cores
recovered during the field campaign.
Table 3.1: The four sites at Coulman High used for the sedimentological data re-
covery.
Site Location Total Cores Longest Core (mm)
Site 1 S 77◦29.3’ E 171◦34.2’ 8 520
Site 2 S 77◦34.9’ E 171◦30.4’ 6 1095
Site 3 S 77◦31.6’ E 171◦20.1’ 10 1290
Site 4 S 77◦28.1’ E 171◦36.2’ 4 850
3.1.1 Core collection
Similar to the ANDRILL McMurdo Ice Shelf project, a hot water drill was used to
melt a hole with a diameter greater than 40 cm through the ice shelf (e.g. Naish
et al., 2007). A gravity corer designed by the Alfred Wegener Institute (AWI) was
then lowered down the hole using a winch (e.g. Barrett et al., 2005). A plastic core
barrel of ranging length from 0.5m to 2m, was fitted into the base of the gravity
corer. The corer was allowed to free fall between 5 to 20 metres above the sea floor,
with the height being determined by an encoder and tape applied on the rope of the
winch. Once the core was recovered, the liner was cut to length and sealed.
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Figure 3.1: The four site locations relative to the calving line position in early 2011,
occupied during the ANDRILL site survey.
In total 28 cores were collected, and these were stored horizontally at a temperature
of 4◦C and transported back to New Zealand for analysis (Table 3.1).
3.1.2 Video imagery underneath the ice shelf
A digital camera was placed in a reinforced submersible housing, attached to a frame
with an additional reinforced vessel to provide lighting. This device was made to
record the changes in the ice hole, i.e. how many days it would take for the ice hole
to close, and to observe the presence or absence of englacial debris within the ice,
and it was then lowered to image the sea floor.
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3.2 Laboratory work
3.2.1 Core X-ray images
All sediment cores were X-rayed at NIWA, Wellington. The X-rays were examined
to determine bioturbation, macroscopic sedimentary structures, observed IRD and
changes that occurred down core. This was used to decide which cores were to be
split and sampled. These images helped with the description of the sediment, e.g.
to identify subtle laminae or gravel clasts, and assisted in the correlation between
cores from each locality.
3.2.2 Physical properties
A multi-sensor core logging (MSCL) tool at Otago University was used to scan the
cores for physical properties. The whole core scan measured magnetic susceptibility
(loop), gamma ray attenuation, electrical resistivity and P-wave velocity. Seven
cores were split open and described, sampled for smear slides and additional scanning
was conducted on the half round for magnetic susceptibility (point) and colour
reflectance (RGB and spectral). Sediment samples from three cores were sent to
AWI in Bremerhaven, Germany, for additional analysis. These included: water
content%, wet bulk density, porosity, grain density, dry bulk density, total organic
carbon, total inorganic carbon, total nitrogen and biogenic opal.
3.2.3 Core description/lithostratigraphy
The lithological description scheme applied to describe the facies follows that of the
ANDRILL McMurdo Ice Shelf Project (Naish et al., 2006). If the sediment contains
no gravel, the principal name is determined by the relative abundance of sand, silt
and clay (after Mazullo et al., 1988). For example, if the sediment contains between
75 and 100% sand and between 25 and 50%, it is a silty sand (Figure 3.3).
If the sediment has more than 50% pelagic biogenic material, it is classified as an
ooze, moderated by the most specific biogenic grain type. For example, if the di-
atoms exceed 50%, then the sediment is categorized as a diatom ooze (Naish et al.,
2006). Sediments that comprise out of both biogenic and terrigenous components,
are classified according to the percentage present in the sample, where 10–25% is
biogenic is called bearing, 25–50% is rich, and more than 75% is classified as an ooze.
For example, if the sample contains more than 75% diatoms, and the remainder is
silt, the name of the sediment is a silt-bearing diatom ooze (Figure 3.2; Naish et al.,
2006).
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For terrigenous sediments containing gravel, with less than 50% biogenics, the Mon-
crieff classification was used. If the sediment contains any terrigenous clastic gravel,
then the principal name is determined by the abundance of gravel and the sand to
mud ratio of the terrigenous clastic matrix (after Moncrieff, 1989). The percent-
age of sand in conjunction with the percentage of gravel determines whether the
sediment is a clast-rich muddy diamict, or a clast-rich sandy diamict (Table 3.2).
Lithologic Classification Schemes
Lithologic names for granular sediments and rocks will be assigned using the scheme illustrated in figure 27, 
which combines aspects of the classification systems used during the CRP and ODP Legs 185 and 188:  
1) Principal name -- The principal lithologic name is assigned on the basis of the relative abundances of 
pelagic biogenic, volcaniclastic, and terrigenous clastic grains, as follows:
(a) The principal name of a sediment/rock with <50% pelagic biogenic grains and a terrigenous 
clastic:volcaniclastic ratio >1:1 is based on the grain size characteristics of the terrigenous clastic 
fraction.  
i) If the sediment/rock contains no gravel, then the principal name is determined by the 
relative abundances of sand, silt, and clay (see Fig. 28a; after Mazzullo and Graham, 
1988).  
ii) If the sediment/rock contains terrigenous clastic gravel, then the principal name is 
determined by the abundance of gravel and the sand:mud ratio of the terrigenous clastic 
matrix (see Fig. 28b; after Moncrieff, 1989).
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ANDRILL MIS classification scheme for granular sediments that are mixtures of pelagic biogenic, 
volcaniclastic, and terrigenous clastic particles.  
Figure 3.2: Classification scheme for granular sediments that are mixtures of pelagic
biogenic, volcaniclastic, and terrigenous clastic particles (after Naish et al., 2006).
Table 3.2: Classification scheme for terrigenous clastic sediments containing a gravel
component (after Moncrieff, 1989).
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Figure F4. Classification scheme for terrigenous clastic sediments containing a gravel component, Expedition
318 (after Moncrieff, 1989).
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Figure F3. Classification scheme for terrigenous clastic sediments lacking a gravel component, Expedition 318
(after Mazzullo et al., 1988).
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Figure 3.3: Classification scheme for terrigenous clastic sediments lacking a gravel
component (after Mazullo et al., 1988).
3.2.4 Grain size analysis
The samples were dried in a 50◦C oven and both the wet and dry weights were
recorded to determine the water content in addition to the water content values
measured by AWI, and the values were comparable. The dried samples were then
soaked in buffered water (1 g NaHCO3 and 0.1 g Na2CO3 with 5 l of distilled H2O)
to disaggregate the sample. Once the sample was disaggregated, it was wet sieved
at 150 µm. The sample fraction greater than 150 µm was weighed and sieved at 500
µm and 2000 µm. The sample fraction finer than 150 µm was treated with hydrogen
peroxide and sodium hydroxide to remove the organic and silica component of the
sediment (Lewis and McConchie, 1994). The samples were then analysed by the
Beckman Coulter LS13320 to obtain a grainsize distribution of the<150 µm fraction.
Due to errors associated with the laser particle analyzer, the upper boundary for the
clay particle size has been adjusted to 8 µm for certain calculations (e.g. sortable
silt).
3.2.5 Petrology
After the samples were wet sieved at 150 µm, the coarse fraction of the sediment was
weighed and dry sieved again at 2000 and 500 µm. Sand grains in the 2000 - 500 µm
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fraction were made into thin-sections for petrographic analysis. To characterise the
minerals and rock fragments, the Indiana point counting method was used where
the thin section was systematically moved across the field of view, and every grain
was counted. This method accounts for both rock fragments and individual minerals
(Suttner, 1974; Suttner et al., 1981). For each facies of the core, the aim was to
obtain a total of 300 counts of the different rock fragments and minerals. For some
samples this was not possible due to a lack of sufficient grains >500 µm. All samples
were counted multiple times to check reproducibility.
3.2.6 Diatom abundance
To analyse the core for diatom abundance, 23 samples with an average weight of
0.652 g were taken from core CHGC 08. The sediment was air dried before being
treated with 5 ml hydrogen peroxide, and subsequently diluted in 95 ml of distilled
water, followed by stirring of the sample to get an uniform distribution. A micro
pipette was then used to place 80 µl onto a slide coverslip and then mounted to a
slide using Norland Optical Adhesive.
The absolute abundance of diatom frustules per gram sediment was determined
using equation 3.1. following the methodology of Konfirst et al. (2012).
Abundance =
F
(Csample ∗ Vsample) ∗ [(f/v ∗ A(f/v))/ACS] (3.1)
F is the number of frustules counted in a sample, Csample is the concentration of
sediment in suspension, Vsample is the volume of sample used, f/v is the number of
fields of view observed in a sample, Af/v is the area of a field of a view, and ACS is
the area of the cover slip. Samples were examined under an optical reflected light
microscope at either 400x or 1000x magnification, with a minimum of 300 diatom
specimens (both whole and fragments) counted per sample. Multiple samples were
counted twice to check for reproducibility.
3.2.7 14C Chronology
Bulk sediment samples
A total of twenty samples were taken from cores CHGC-08 and CHGC-14 for ra-
diocarbon analysis. The bulk sediment samples were analysed at the Rafter Radio-
carbon Laboratory, where 14C ages were acquired from bulk organic carbon in acid
insoluble organic (AIO) remnants.
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Several studies have addressed issues associated with applying radiocarbon dating to
Antarctic marine sediments (e.g. Gordon and Harkness, 1992; Andrews et al., 1999;
Domack et al., 1999; McKay et al., 2008). The Antarctic marine sediments con-
tain a low proportion of datable organic material and by using the accelerator mass
spectrometry (AMS) method, small amounts of organic carbon can be analysed for
14C (Domack et al., 1989). Despite the ability to analyse small amounts of organic
carbon, problems still prevail in establishing a reliable 14C chronology. Firstly, there
is a reservoir age problem; living marine organisms in Antarctic waters contain low
14C concentrations in comparison with marine organisms living elsewhere (Andrews
et al., 1999; Domack et al., 1999). This results in modern material giving appar-
ent radiocarbon ages up to several thousand of years old. Secondly, the reworking
of older sediment containing organic material is frequent in the Ross Sea (Domack
et al., 1999). The reworking of the ‘dead’ carbon (older than 50 ky) in sediment
produces an older 14C age (Andrews et al., 1999).
One solution to this is using a correction factor calculated by subtracting the core
top ages from down core ages. This is only applicable if there is no change of facies,
as a constant supply of dead carbon is assumed. However, this is clearly a compro-
mise since core top sediment ages range from 2000 to 21,000 14C yr BP (Andrews
et al., 1999). Despite the problems associated with 14C chronology due to the gen-
eral lack of carbonate material in the Ross Sea, it is the most common method of
dating short sediment cores that span the last 18 ka due to the paucity of other
datable material.
Foraminifera samples
Due to the lack of calcareous material, a dedicated core was sampled exclusively for
foraminifera. X-ray imagery suggests that there is a coherent stratigraphy between
cores from each site. Core CHGC-07 from Site 2 was chosen as the dedicated core
for whole round sampling to extract foraminifera from the sediment. The stratig-
raphy of core CHGC-07 was readily tied to core CHGC-08 using X-ray imagery.
Based on the location of key facies in the interpretation (Chapter 4), the core was
sampled at two intervals. The top of the core (four samples between 3 and 30 cm),
and between 50 and 70 cm, every two centimetres on both halves of the core, i.e.
20 samples (Figure 3.4). All samples were soaked in buffered water (1 g NaHCO3
and 0.25 g Na2CO3 in 5 l of distilled H2O) and once disaggregated, sieved at 63
µm. The >63 µm fraction was collected in a filter and placed under a heat lamp
until the sample was dry. The dried samples were examined under a microscope and
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Figure 3.4: Schemactic diagram of CHGC-07 to illustrate where the samples were
taken from.
calcareous foraminifera were picked.
Two samples from 50 and 52 cm were sent to the Rafter Radiocarbon Laboratory
for analysis. The first sample contained a total of one hundred planktic Neoglobo-
quadrina pachyderma, whereas the second sample contained 340 different benthic
foraminifera. As a reservoir age, 1200 years was chosen to correct the radiocarbon
years. This date has been used in previous studies done in the Ross Sea (e.g. Do-
mack et al., 1999; Licht and Andrews, 2002). To correct and calibrate the ages,
IntCal09 was used, with a reservoir age of 1200 years (Reimer et al., 2009).
Chapter 4
Results
4.1 Sea floor and ice shelf imagery
Video images of the sea floor showed it was covered by boulders up to 1.5 m in
diameter, with a pelagic drape, and a wide variety of flora and fauna, including
brittle stars, sponges and anemones, was present (Figure 4.1). This indicates that
bioturbation beneath this calving line proximal location beneath the Ross Ice Shelf
is pervasive. The footage of the ice hole revealed that there is no glacial debris
present within the ice shelf at Coulman High.
Figure 4.1: Image from the sea floor. Species present in the figure are Brittle stars
and Bryozoans. Numerous boulders and cobbles occur on the sea floor, e.g. the
boulder in the bottom left corner.
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4.2 Core lithostratigraphy
Eight cores were split and described with lithological units assigned on the basis
of colour, sedimentary structures and texture. Smear slides were taken at different
horizons in the cores to determine diatom content. Summarised descriptions from
all split cores follows. Figure 4.2 shows the comparison of the cores from the four
different sites. Detailed core logs are provided in Appendix B.
4.2.1 Site 1 cores
The site is 5 km south of the present day calving line, and was open water after
C-19 calved off in 2002. The ice shelf at this location was 261 m thick, with a water
depth of 798 m.
Core CHGC-05, Site 1, 38 cm long (Figure 4.2):
• Unit 1 (0-14 cm) is a yellow-green, sandy-mud rich diatom ooze with common
to abundant clasts, ranging from granules to pebbles. The unit has a mottled
texture with cm-scale oval burrows. The lower contact is bioturbated over 4
cm.
• Unit 2 (14-38 cm) is a medium-dark grey, clayey silt with abundant clasts.
Clasts range from granule to pebble size and clast lithology is highly variable.
The clasts include lithified diamict, mafic volcanics, and granites, and large
mineral grains including feldspars and quartz.
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4.2.2 Site 2 cores
The site is currently 15 km south of the calving line, and the ice shelf remained in
place over the site after C-19 calved off in 2002. The ice shelf at this location was
273 m thick, with a water depth of 862 m.
Core CHGC-07; Core CHGC-08; Core CHGC-11
• Unit 1 (CHGC-07, 0-20 cm; CHGC-08, 0-19 cm; CHGC-11, 0-22 cm) is a
yellow-green sandy mud-bearing, diatom ooze with dispersed black granular
clasts. Bioturbation is pervasive throughout the unit, with well preserved
diatoms, sponge spicules and radiolarians. Lower contact is bioturbated over
5 cm.
• Unit 2 (CHGC-07, 20-50 cm; CHGC-08, 19-46 cm, CHGC-11, 22-50 cm) is a
light-grey silty-clay with a slightly mottled appearance. Uncommon to com-
mon bioturbation occurs throughout. In CHGC-07, a single green laminae of
5 mm thickness occurs at 48 cm. The unit has a sharp lower contact.
• Unit 3 (CHGC-07, 50-74 cm; CHGC-08, 46-64 cm; CHGC-11, 50-82 cm) is
a greenish-grey silty clay with laminae. The laminae are characterised by
couplets of mm-scale silty clay and sub-mm-scale clayey silt. Dispersed to
common clasts occur throughout the unit. In CHGC-07, a gravel/sand-rich
bed occurs between 56-61 cm, while in CHGC-11 a distinct gravel/sand-rich
bed occurs at 57-58 cm, and a cm thick sandy-mud laminae occurs at 76 cm.
The lower contact of the unit is sharp.
• Unit 4 (CHGC-07, 74-80 cm; CHGC-08, 64-78 cm) is a light grey silty clay
with mm-scale laminae that increases in thickness towards the bottom of the
unit. Laminae are defined by colour alternations between dark and light grey.
Fragmented diatoms are present but rare (1-2% in smear slide estimates). The
lower contact is sharp.
• Unit 5 (CHGC-07, 74-80 cm; CHGC-08, 78-87 cm) is a medium-dark grey
clayey-silt with abundant clasts. The clasts range from granule to pebble size.
The lower contact is sharp.
• Unit 6 (CHGC-07, 80-89.5 cm; CHGC-08, 87-107 cm; CHGC-11, 82-97 cm) is
a dark grey massive, clast-rich muddy diamict. It is poorly sorted with clasts
ranging from granular to pebble size and lithologies of clasts is highly variable
and include lithified diamict, mafic volcanics, feldspars, quartz and granites.
The clasts are angular in shape and some display striae and facets.
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4.2.3 Site 3 cores
The site is 10 km south of the calving line, and was immediately adjacent to the
calving line when C-19 calved off in 2002. The ice shelf at this location was 253 m
thick, with a water depth of 860 m.
Core CHGC-14, Site 3, 127 cm:
• Unit 1 (0-30 cm) is yellow-green clayey silt-rich diatom ooze with dispersed
clasts ranging from granule to pebble size. The unit grades down into a grey
colour. The lower contact is bioturbated over 4 cm.
• Unit 2 (30-80 cm) is a medium-dark grey clayey silt to silty clay. Fine and
coarse silt are intermixed at mm-scale to cm-scale. Several bands of gravel
and sand occur at 37-38 cm and 75-77 cm. Well-defined mm-scale parallel
laminae occur between 35-42 cm. The unit fines down core. Dispersed clasts
are present throughout, ranging from granule to pebble size. The lower contact
is intercalated with the underlying unit over an interval of 3 cm.
• Unit 3 (80-127 cm) is a dark grey clast-rich muddy diamict, with pervasive
contorted bedding. The unit is stratified at cm-scale, as defined by grain size
variations. The clasts present range from granule to pebble size.
Core CHGC-17, Site 3, 106 cm:
• Unit 1 (0-8 cm) is a yellow-green clayey-silt bearing diatom ooze with abundant
clasts. Clasts range from granule to pebble in size. Concentration of granules
and coarse sand occurs at 5-7 cm, with a wide range of clasts lithologies,
including quartz, feldspar and volcanics. The lower contact of the unit is
sharp.
• Unit 2 (8-106 cm) is a medium-dark grey massive clayey-silt with abundant
clasts with the exception of two brown coloured beds occurring at 11.5-13.5
cm and at 15-17 cm. The beds within this unit vary from silty clay and clayey
silt with a gradational upper and lower contact.
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4.2.4 Site 4 cores
The site is 3 km south of the calving line, and was open water when C-19 calved off
in 2002. The ice shelf at this location was 269 m thick, with a water depth of 864
m.
Core CHGC-22, Site 4, 75 cm (Nb after being cored with an aluminium barrel,
core was transferred into plastic casing, resulting in post-coring disturbance):
• Unit 1 (0-12 cm) is a diatom ooze intermixed with light-medium grey clayey
silt. There are common clasts throughout the unit ranging from granule to
pebble size. The lower contact of the unit is sharp.
• Unit 2 (12-75 cm) is a medium grey fine sandy mud with abundant clasts.
Bioturbation is present at 15.5 cm. Contorted bedding is present towards
bottom of the unit. Clasts are present throughout and range from granule to
pebble size.
Core CHGC-23, Site 4, 50 cm (Nb after being cored with an aluminium barrel, core
was transferred into plastic casing, resulting in post-coring disturbance):
• Unit 1 (0-11 cm) is a yellow green clayey-silt rich diatom ooze. There are
common granule sized clasts throughout. The lower contact of the unit is
sharp.
• Unit 2 (11-18 cm) is light to medium grey clayey silt intermixed with yellow
green diatom ooze beds occurring at 16-17 cm. The stratification is defined by
colour. Bioturbation is present, with common clasts, granule size. The lower
contact is sharp.
• Unit 3 (18-50 cm) is a medium-dark grey clast-rich muddy diamict. Clasts
range from granule to pebble size.
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4.3 Facies description
The lithostratigraphic descriptions in the previous section were used alongside sedi-
mentological parameters and physical properties to develop the following lithofacies
scheme. The facies descriptions are based on common lithologic, biogenic and phys-
ical property attributes across all core sites, although most analyses (grain size,
diatom content; Figure 4.7, and petrography) were conducted on CHGC-08 (Fig-
ure 4.3). This core was chosen as all three cores at Site 2 had a coherent and
consistent stratigraphy. Cores at Site 1 were all <40 cm in length, while at Sites 3
and 4 the stratigraphies were variable between cores and may represent mass flow
deposits (see Chapter 5 for criteria to distinguish subglacial transport and deposi-
tion by mass flow processes), and are therefore unlikely to provide a coherent retreat
history of the LGM ice sheet.
4.3.1 Massive diamict. Facies Dm.
At the base of CHGC-07 (Site 2; 80-89.5 cm), 08 (Site 2; 87-107 cm), 11 (Site 2;
82-97 cm), 14 (Site 3; 80-127 cm), 22 (Site 4; 12-75 cm) and 23 (Site 4; 18-50 cm) is
a clast-rich muddy diamict. The diamicts are massive, and the clasts are randomly
orientated. The clasts range from granule to pebble size, where the largest pebbles
are restricted to <50 mm in length, due to the diameter of the plastic core barrels.
The clasts consist of a wide range of lithologies, including lithified diamict, dolerite,
granite, carbonates, quartz and feldspar grains, biotite schist and metamorphosed
rock fragments (Figure 4.5). The provenance of the sand fraction shows a distinct
Transantarctic Mountain signature with abundant biotite schist, quartz, lithified
diamict and heavy minerals. The heavy minerals are likely to be derived from the
Ferrar Dolerite, whereas the quartz grains could be derived from the Byrd Group,
the Beacon Group or the Granite Harbour Intrusives, all located near the Byrd
Glacier (Craddock, 1972). The grain size is dominated by sand and gravel, and
there is a multi-modal distribution for the fine sediment fraction (i.e. fine sand, silt
and clay) (Figure 4.7; B.13). The diatom content in the unit is low (0.27 x 109 v/g),
with only small fragments preserved (Figure 4.4). The water content percentage
ranges between 10 and 30 percent in this unit, and inversely correlates well with
the density (Figure 4.7). Furthermore, magnetic susceptibility is higher in this unit,
with a peak at 105 (x 10−5 SI units; Figure 4.7). The wet bulk density (WBD) is
slightly increased in the diamict (1.9 gcm−1), and the biogenic opal content is low
(5%) compared with the overlying sediment.
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4.3.2 Mud with abundant clasts. Facies Mc.
Mud with abundant clasts directly overlies the diamict in CHGC-07 and 08 (74-80
cm; 75-87 cm). The same lithology is found at the base of CHGC-05 (14-38 cm)
and CHGC-17 (8-106 cm). The mud is medium to dark grey, and the clasts present
are granule to pebble-sized. The weight percentage of grains >150 µm increases
from 0% to 15% compared to the overlying mud unit (Figure 4.7; B.13). The <150
µm sediment fraction has a multi-modal distribution of fine sand, silt and clay
(Figure B.14). The diatom concentration is 0.39 x 109 v/g. The physical properties
of this unit show an increase in magnetic susceptibility from 34 to 77 (SI units), and
density from 1.5 to 1.8 gm/cc. The water content shows the same inverse trend,
dropping in this unit from 50% to 25% (Figure 4.7). The WBD (1.746 g cm−1) is
slightly lower than in the underlying diamict, while the biogenic opal percentage
(5.8 % ) slightly elevated (Figure 4.7).
4.3.3 Mud
Laminated mud. Facies Ml
Mud in CHGC-07 (50-74 cm) and CHGC-08 (64-78 cm) are predominately silty clays
(Figure 4.7). The silty clay is light to dark grey, with mm-scale laminations defined
by colour alternations, light to dark grey, with the thickness increasing down core. In
this unit, the sediment is well sorted with a uni-modal clay distribution (Figure 4.7).
Diatom concentration is slightly elevated compared to the underlying units, 0.46 x
109 v/g. Magnetic susceptibility and density are relatively low throughout the unit,
and range between 29-38 SI and 1.44–1.53 gm/cc respectively (Figure 4.7).
Laminated mud with clasts and diatoms. Facies Mc,l (DO)
Sandy mud with common clasts and diatoms are present in CHGC-07 (50-74 cm), 8
(46-64 cm), 11 (50-82 cm) and 14 (30-80 cm). The unit contains mm-scale laminae
distinguished by both colour and grain size (Figure 4.3; B.13). Granule-size clasts
in this facies are common, and are striated with faceted surfaces. In CHGC-11 and
14, 1 – 2 cm thick beds of sand are present. The petrology data show that there is a
mix of source material, dominated by quartz and granite (both mylonitic and post
tectonic granite; Figure 4.5). The diamict grains are distinctively different than the
diamict grains in the massive diamict facies as they have an irregular shape and the
matrix has a lower birefringence (Figure 4.6). At 53 cm, calcite is common. Together
with up to 15% in the >150 µm size fraction, the fine sediment fraction displays
a poorly sorted multi-modal distribution. Diatom abundances are elevated relative
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to Facies Mb (above) and Ml (below), and reach a maximum of 0.74 x 109 v/g at
57 cm. The diatoms are mainly fragmented, although the fragments are larger than
in Facies Mb and Ml (Figure 4.4). In CHGC-07, foraminifera are present at 50 and
52 cm. In a half round sample, ∼200 foraminifera shells were present. The plank-
tic species are dominated by Neogloboquadrina pachyderma, where there is a more
diverse assemblage of benthic species, including: Lagena substratiata elegantula, As-
trononion antarctica, Cibicides lobatulus, Rosalina globularis and Lagena distoma.
The density slightly increases relative to Facies Mb and Ml (maximum value of 1.63
gm/cc) (Figure 4.7).
Bioturbated mud. Facies Mb
Bioturbated mud overlies the laminated muds in CHGC-07, CHGC-08, CHGC-11
and in CHGC-23, and is classified mostly as silty clays (Figure 4.7). The sediment
is light to dark grey, with rare to common bioturbation. The bottom of the unit has
a low diatom content (0.37 x 109 v/g), which increases to the top of the unit (1.06
x 109 v/g). The fine sediment is dominated by clay (Figure 4.7). The biogenic opal
content is between 8 and 24%.
4.3.4 Diatom ooze. Facies DO.
Diatom ooze is present at the top of all cores examined. It has a mottled texture,
indicative of persuasive bioturbation, with well preserved diatoms, sponge spicules
and radiolarians observed in smear slides. The diatom concentration is > 1.9x109
v/g. The thickness of the unit varies only slightly between the sites, with the
maximum thickness of 50 cm observed in CHGC-14. The lower contact of this facies
is usually intensively bioturbated over 2-5 cm. The terrigenous matrix component
is a clayey-silt, with dispersed to common clasts, which vary in size from granules to
pebbles. The lithology of the clasts are dominated by feldspar, quartz, granites and
a minor basalt and carbonate component (Figure 4.5). A quarter of the counted
feldspar grains are microcline.
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Figure 4.3: Stratigraphic column from core CHGC-08, including image from the
core, X-ray, graphic lithology log and description of the units. Clast content is
identified in the X-ray images rather than the split core image, where some “clast-
like” features are due to core splitting disturbance (e.g. 25 cm).
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Figure 4.4: Photographs of diatoms at various depths in CHGC-08. A (4 cm)
Fragilariopsis curta and F. obliquecostata; B (4 cm) Eucampia antarctica; C (39
cm) fragments of centric diatoms; D (45 cm) fragments of centric diatoms; E (54
cm) fragments of a centric diatom; F (59 cm) fragments of centric diatoms; G (60cm)
fragment of a pennate diatoms, probably Fragilariopsis sp.; H (74 cm) fragment of
a centric diatom; I (92 cm) fragments of diatoms. Scale bar is 50 microns.
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Figure 4.5: Pie charts on petrology data from CHGC-08. A: 1 cm; B: 3 cm; C: 8
cm; D. 51 cm; E: 53 cm; F: 57 cm; G: 80 cm; H: 90 cm. Till pellet counts are not
shown in pie charts, values are presented in Appendix B (Table B.9). Pie slice area
is proportional to log(%), this means relative order of size is preserved and units
<1% are omitted.
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Figure 4.6: Photographs of grains in CHGC-08. A: Microcline. B: Diamict rock
fragment from 51 cm. C: Marble. D: Weathered mylonitic granite. E: Granite. F:
Medium grade metamorphic. G: Ferrar Dolerite. H: Diamict rock fragment from 90
cm. I: Rounded quartz.
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4.4 Chronology
Twenty AIO bulk sediment 14C dates from CHGC-08 and 14 range from 10-35 and
11-32 14C kyr, respectively (Table 4.1). The core top age from CHGCG-14 (taken at
0-2 cm) is 11,284 14C yr, and is significantly older than the core top ages presented
in Andrews et al. (1999). The total organic carbon % (TOC) at 3 cm in CHGC-14
is 0.568 % and is within the range of the TOC % from Andrews et al. (1999). They
suggest there is a relationship between the 14C age and the percentage of TOC in
the sample. However, the dates from Coulman High are markedly older, probably
due to a combination of reworking of sediment and the old reservoir age in the Ross
Sea. The 14C ages in both CHGC-08 and 14 are not in stratigraphic order, with
reversals present in all units (Figure 4.8; Table 4.1). The top ages in the diatom
ooze range from 10-16 14C ka, although, these ages are expected as it is a condensed
section with a low sedimentation rate and there is mixing of the sediment due to bio-
turbation, which explains that the ages are not in stratigraphic order. The presence
of such a condensed section with means that the core top method cannot be applied.
The two radiocarbon ages from foraminifera shells are 8,726 ± 63 14C yr from
N. pachyderma, and 8,892 ± 85 14C yr from benthic foraminifera. By assuming
a reservoir age of 1200 years, these dates can be corrected, and these ages allow
the comparison with pre-existing studies due to the large errors associated with the
reservoir age calibration (Table 4.2) The ages have been corrected and calibrated
using the CALIB09 program, with a reservoir age of 1200 years (Table 4.2; Reimer
et al., 2009).
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Table 4.1: Bulk sediment 14C chronology for cores CHGC-08 (Site 2) and CHGC-14
(Site 3).
Core Depth (cm) Age BP error δ 13C δ 14C ∆ 14C % modern
CHGC-08 1.5 - 2.5 13573 ± 50 -37.2 -821.3 -816.8 18.32
CHGC-08 10 - 11 10074 ± 35 -25.2 -716.9 716.7 28.33
CHGC-08 17 - 18 16018 ± 55 -24.9 -864.8 864 13.51
CHGC-08 23 - 24 25100 ± 150 -33.7 -957.2 -956.4 4.36
CHGC-08 27 - 28 31390 ± 310 -22.6 -979.9 -980 2
CHGC-08 32 - 33 28870 ± 230 -21.3 -972.5 972.7 2.73
CHGC-08 46 - 47 32190 ± 350 -22.1 -981.9 -982 1.8
CHGC-08 59 - 60 29130 ± 240 -26 -973.6 973.6 2.64
CHGC-08 71 - 72 33210 ± 390 -22.2 -984 -984.1 1.59
CHGC-08 75 - 76 26240 ± 170 -23.9 -962 -962.1 3.79
CHGC-08 79 - 80 35250 ± 510 -30.2 -987.8 -987.7 1.23
CHGC-08 88 - 89 26210 ± 180 -22.4 -961.8 -962 3.8
CHGC-08 101 - 102 33050 ± 390 -34.3 -984.1 -983.8 1.61
CHGC-14 0 - 2 11284 ± 40 -24.7 -756.2 -756.4 24.36
CHGC-14 19 21 11896 ± 40 -23.3 -773.5 -774 22.58
CHGC-14 26 - 28 18338 ± 70 -23.1 -898.4 -898.8 10.12
CHGC-14 37 -39 27620 ± 200 -21 967.8 -968.1 3.19
CHGC-14 46 - 46 30530 ± 280 -21.8 -977.7 -977.8 2.22
CHGC-14 72 - 74 32540 ± 360 -21.4 -982.6 -982.7 1.73
CHGC-14 90 - 92 30190 ± 270 -22.9 -976.8 -976.9 2.31
Table 4.2: Radiocarbon ages on foraminifera. Uncorrected age, corrected age, with
reservoir age of 1200 years, and calibrated age from Reimer et al. (2009) with reser-
voir age of 1200 years.
Depth (cm) Type uncorrected
(14C yr BP)
corrected age
(14C yr BP)
calibrated age
(cal BP)
50-52 Neogloboquadrina
pachyderma
8726 ± 63 7526 8391 ± 55
52-54 Benthic foraminifera 8892 ± 85 7692 8555 ± 75
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Figure 4.8: 14C chronology on core CHGC-08 (red, Site 2) and CHGC-14 (blue, Site
3) from bulk sediment.
Chapter 5
Discussion
5.1 Depositional model
The facies characterised in the short sediment cores are interpreted to represent
distinct depositional environments. In this section, depositional environments are
identified through comparison of the facies discussed in the previous chapter with
pre-existing models of subglacial and glacimarine deposition (e.g. Domack et al.,
1999; Hemer and Harris, 2003; McKay et al., 2008). Differences in the textural and
compositional nature of each facies, as well as vertical stacking patterns of the facies,
are used to distinguish between subglacial/glacimarine deposition versus reworking
by mass flow processes. From the four different sites, cores collected from Site 2
displayed the most coherent stratigraphy; massive diamict representing a subglacial
environment, overlain by different mud facies denoting the retreat of grounded ice
and the calving line, followed by diatom ooze indicating open marine conditions.
5.1.1 Subglacial
The base of the facies succession consists of a massive diamict, which can be de-
posited in a variety of environments, including iceberg scouring, volcanogenic debris
flows, glacimarine, or subglacially by the overriding of grounded ice (Dowdeswell
et al., 1994; Domack et al., 1999; Anderson, 1999; Hambrey and McKelvey, 2000).
Iceberg scouring can be discounted as a mechanism at Coulman High as the water
depth is >800 m at this location, and iceberg furrows are only observed in water
depths up to 575 m in the Ross Sea using swath bathymetry (Shipp et al., 2002).
The process of a volcanogenic debris flow derived from Ross Island producing the
diamict can also be rejected, as the provenance of the clasts within the diamict lacks
a significant basaltic component characteristic of Ross Island, a 3,794 m high poly-
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genic stratovolcano composed of phonolites, tephriphonolites, trachytes and basalts
(Esser et al., 2004).
However, deposition by glacimarine debris flow is harder to discount, as evidence of
shearing or loading by grounded ice is non existent, only the upper 47 cm of this
facies was recovered, consequently the basal contact was not observed. Generally,
basal contacts produce the most credible evidence for subglacial deposition by allow-
ing assessment of glaciotectonic deformation of the underlying facies (Fielding et al.,
2000; Dunbar et al., 2008; McKay et al., 2009; McKay et al., 2012b). The degree
of compaction is a further characteristic that has been used to identify deposition
beneath grounded ice, whereby loading of an overriding ice sheet results in shear
strength exceeding ≥1 kg cm−2 (e.g. Anderson et al., 1980; O´ Cofaigh et al., 2005).
The diamicts recovered in this study were all under consolidated. Notwithstanding
low shear strength does not rule out subglacial deposition as diamicts deposited be-
neath relatively fast flowing ice inherit different characteristics. Diamicts deposited
underneath ice streams are less indurated, are finer grained (Tulaczyk et al., 1998;
O´ Cofaigh et al., 2005) and have a porosity of 40% (Alley et al., 1986). The fine
grained sediment enables the build up of high subglacial pore water pressures, which
in turn prohibits the coarse material from communition (Tulaczyk et al., 1998). As
Coulman High lies in the path of a paleo-ice stream (Hughes, 1977), it is to be
expected for the diamict to be under consolidated. The sand-silt-clay size distri-
bution of the tills underlying the Whillians Ice Stream show a higher sand content
compared to the Coulman High diamict, which lies in the range of the Ross Sea
tills (Figure 5.1; Anderson et al., 1980), which is suggestive of a lack of current
winnowing or water sorting by glacimarine processes. The fine grained material
seen at Coulman High could be due to the reworking of Miocene diamictites and
mud-rich sediments in the Ross Sea due to a high degree of glacial erosion and com-
munition (Anderson et al., 1980). Additionally, the coarser sediment seen beneath
the Whillians Ice Stream could represent the closer proximity of the source material.
The provenance of clasts within the diamict provides the most compelling evidence
of subglacial or grounding line proximal glacimarine deposition. Biotite schists and
marbles, along with rounded quartz, meta-sedimentary and granite grains all occur
in significant abundance in the massive diamict (Figure 4.5). All of these lithologies
can be tied to three rock groups found at the mouth of the Byrd Glacier, including
the Byrd Group, Granite Harbour Intrusive Complex and the Beacon Group (Crad-
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dock, 1972). Notably, only the Byrd Group contains outcrops of both scapolite
marbles and biotite schists (Craddock, 1972) which occur in the massive diamicts
(Figure 4.6). The likely Byrd Glacier provenance of these clasts provides evidence
that the diamicts were transported to the core site within the subglacial bed load
of an ice sheet coming from the Byrd Glacier region, which is consistent with the
interpretation of Licht et al. (2005) using a similar methodology. The pebbles are
both facetted and exhibit striae, which is also suggestive of subglacial transport. In
addition, the low diatom content (2.7 x 108 v/g) is mainly comprised of fragmented
centric diatom frustules (Figure 4.4), which is a probable consequence of being sub-
jected to high degrees of shearing by subglacial transport and deformation (Scherer
et al., 2004).
The above evidence indicates that these diamicts may have been deposited as a
subglacial traction till, or as a grounding line proximal glacimarine deposit, where
the sediment accumulated immediately adjacent to the grounding line and was post-
depositionally reworked by mass flow processes (Figure 5.3A; Kurtz and Anderson,
1979; Anderson, 1999). The later scenario still allows for a glacial retreat history
to be determined from Site 2 cores, as the diamict would represent the immediate
‘post-lift off of grounded ice’ phase of ice sheet retreat since the LGM.
5.1.2 Sub-ice shelf, proximal to the grounding line
Overlying the massive diamict is a mud with abundant clasts (Facies Mc). The clasts
range from granular to pebble size, and include till pellets which are well rounded
(Figure 4.6). These intraclasts are interpreted to be formed within a deforming bed
(van der Meer, 1993) and then consequently transferred into the ice shelf by the
flowing ice, which through basal melting were deposited at the site (McKay et al.,
2012b). The rise in Total Organic Carbon in this unit compared to the underlying
diamict (increase of 0.1%; Table B.1) suggests a glacimarine depositional environ-
ment (Domack et al., 1999). Additionally, there is a rise in water content (5%;
Figure 4.7), suggestive lesser compaction compared to the diamict (Domack et al.,
1999).
The grain size distribution has a lower sand and higher silt content, however the
clay content is fairly similar compared to the massive diamict (Figure 5.1). This
could represent deposition by a melt-out of basal debris with little water sorting.
These characteristics of this facies are similar to the granulated facies described by
Domack et al. (1999), who interpreted this facies to be deposited proximal to the
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Figure 5.1: Grain size distribution of CHGC-08, Shephard diagram showing textural
classification. Black circle is 1σ error from mean Ross Sea tills (Anderson et al.,
1980), red ellipse represents Willians Ice Stream till (Tulaczyk et al., 1998).
grounding line, representing the ice sheet lift-off, where the environment is transi-
tioning into an ice shelf environment. This evaluation aids the interpretation that
the Coulman High cores contain a record of the retreat of the grounded ice in the
Ross Embayment.
5.1.3 Sub-ice shelf
The unit overlying the granulated facies is a well-sorted clay with mm-scale laminae
(Facies Ml). The laminated facies is discriminated from the granulated facies due
to the lack of coarse material. This unit is dominated by clay (Figure 5.1), where
the mm-scale laminations are defined both by colour and texture (Figure 5.2). The
laminae are comparable to the laminae described by Domack (1990) on cores col-
lected at the Antarctic Peninsula. The regularity of the laminae and the lack of
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Figure 5.2: CHGC-11 (Site 2) X-ray image zoomed in on laminations, 45 laminae
are present within in the 5 cm displayed.
load structures and coarse material suggest that they are not created by turbidity
currents (O´ Cofaigh et al., 2001). Instead, they are the possible consequence of
traction currents, that could be formed by the tidal pumping of the grounding zone,
where fine material settles out over the core site (Domack et al., 1999). If the sea
floor has no bathymetric features and is relatively flat, the grounding zone can easily
migrate back and forth, driven by the rise and fall of the tidal cycle. The current
tidal height variations at the grounding zone at the Siple Coast is ∼1 m (Anan-
dakrishnan and Alley, 1997). Alternatively, these currents are caused by enhanced
current strength close to the grounding zone in a reduced cavity underneath the ice
shelf (MacAyeal, 1984). Sortable silt measurements (mean grain size in the 10-63
µm fraction) indicate paleo-current strength (McCave et al., 1995). During times
with stronger currents, winnowing of the fine sediments (e.g. clay; ≤8 µm) occurs,
and a peak would be present in the silt/fine sand fraction. In the Facies Ml, the
sortable silt shows a decrease from 74 to 64 cm, indicating a progressive reduction
in current strength (Figure B.15; McCave et al., 1995), which could be due to the
retreat of the grounding line from the locality of the drill site, and therefore reduced
traction currents formed by either of the above two scenarios (Figure 5.3B).
Sub-ice shelf - open marine
The laminated mud is overlain by a laminated mud with clasts present (Facies Mc,l
DO). The diatom content increases from 4.6 x 108 v/g in Facies Ml to 7.5 x 108 v/g
in Facies Mc,l (DO). Furthermore, the diatom fragments are qualitatively larger
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in this facies (Figure 4.4). The fine sediment fraction is not as well sorted as the
underlying laminated mud (Figure 5.1). The coarse material is not derived from a
debris flow from Ross Island, as there is not a basaltic signature. Instead, the grains
are dominated by quartz, granite and mylonitic granite. One possibility is that this
debris is from Granite Harbour, or further north along Scott Coast, and was brought
to the site by icebergs, which is consistent with the petrology data (Figure 2.2).
This increase in coarse material (>150 µm; Figure 4.7) occurs in conjunction with
the presence of both planktic and benthic foraminifera. The combined presence of
diatoms, clasts and foraminifera suggest that open water conditions were proximal
to the core site. The lack of load structure in this facies excludes turbidity currents
as the mechanism for the laminae (O´ Cofaigh et al., 2001). The laminae in this facies
are likely to be formed by the same mechanism as in the underlying Facies Ml as
they show the same structures and thickness. This would suggest that the grounding
and calving line may have been in close proximity to one-another (Figure 5.3C).
Sub-ice shelf
The laminated mud is succeeded by a clay-dominated mud with bioturbation (Facies
Mb). The unit has no sand content, and a higher clay percentage than the underlying
mud (Figure 5.1). At the bottom of this facies, the diatom content is lower than in
the underlying facies (0.37 x 109 v/g) and the fragments are smaller (Figure 4.4).
However, both the percentage and fragment size increase towards the top of the unit
(1.0 x 109 v/g). The bioturbation is uncommon to moderate in the unit, but the
presence of bioturbation indicates that the calving line is proximal (e.g. Hemer and
Harris, 2003). The lack of coarse material and drop in diatom content suggests the
site was more distal from open marine conditions than the underlying Facies Mc,l
(DO). The succession of these facies suggest that the calving line stabilised as it got
pinned to Ross Island.
5.1.4 Open water
Although all four sites are presently covered by the Ross Ice Shelf, the Coulman
High sites is located directly beneath the position of several large calving events
of tabular icebergs from the Ross Ice Shelf, with the most recent one occurring in
May 2002 (e.g. Ferrigno et al., 2008; Lazzara et al., 2008). At all sites, the upper
10-30 cm consists of biosiliceous ooze with diatom contents of >1.9 x 109 v/g. The
facies is also characterised by abundant sand to gravel material, and pervasive bio-
turbation. The majority of the clasts are feldspar (a quarter are microcline) and
quartz, and granitic fragments (Figure 4.5). Even though diatoms can be advected
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underneath an ice shelf (Cunningham and Leventer, 1998), coarse sediment cannot
be advected. The larger pebbles are more than 100 times larger than the mean size
of the surrounding sediment (silt), which implies two different current speeds for
the two sediment class sizes to be deposited at the same location (Bennett et al.,
1994). The sea floor imagery shows that boulders are present, and these are too
large to be moved by bottom currents (Barrett et al., 2005). This implies that the
emplacement of the coarse material was either by melt out from the ice shelf or rain
out of icebergs (i.e. ice rafted debris, IRD).
Satellite data shows that the Ross Ice Shelf experiences basal melting, with up
to 2.8 ± 1.0 m a−1 within a kilometre of the calving front (Horgan et al., 2011).
However, video footage of the ice hole at Coulman High shows that the ice shelf
does not contain coarse sediment. Using an ice flow model, Dunbar et al. (2009)
calculated that basal debris from the Terror Glacier on Ross Island that feeds the ice
shelf, would melt out within a few kilometres from the glacier. This implies that the
lithological material found in the diatom ooze was brought to the site by icebergs
and that the diatom ooze was deposited in periodically open water.
5.2 Chronology of post LGM glacial retreat in the
Ross Embayment
The facies succession discussed above is fully preserved in the site 2 cores (CHGC-
07; CHGC-08; CHGC-11) and allows for a retreat history of the grounding line of
the LGM ice sheet in the Western Ross Embayment as well as the establishment of
the modern day calving line of the Ross Ice Shelf in the region of Coulman High to
be established. A chronology based on AMS radiocarbon dates on the acid insoluble
organic matter in bulk sediment and from benthic and planktonic foraminifera in
this study is compared here to pre-existing studies of sediment cores and geophysical
studies of the seafloor in the Ross Sea.
Studies reconstructing the maximum ice extent in the Ross Sea during the LGM
based on either the flow of the WAIS or founded on observations of the terrestrial
record in combination with ice flow, suggest that grounded ice reached the continen-
tal shelf edge (Stuiver et al., 1981; Kellogg et al., 1996). The presence of ice-proximal
glacimarine facies in sediment cores and geophysical data mapping the seafloor in
the Western Ross Embayment, constrained the expanse of the grounded ice sheet to
have reached Coulman Island (74◦S) between 26.5 and 19.5 14C ka (Domack et al.,
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Figure 5.3: Cartoon depicting the retreat of the grounded ice at Coulman High.
X-ray, core image, stratigraphic log, A. grounded ice situated over the core sites.
B. the grounding line has retreated south, traction currents creating laminae in the
mud. C. the grounding site is proximal to the site, and traction currents are driven
by tidal pumping (e.g. Domack et al., 1999) or enhanced currents in a reduced
cavity (MacAyeal, 1984). The calving line has retreated south of the core site, and
foraminifera, diatoms and IRD are found at the site. D and E. As the grounding line
retreated further south, the calving line is pinned to Ross Island, and occasionally,
large tabular iceberg calve off, resulting in open water conditions at the site. Cross-
hatch depicts calving zone in E.
CHAPTER 5. DISCUSSION 57
1999; Licht et al., 1999; Shipp et al., 1999). Grounding zone wedges, which are
created by the grounded ice depositing sediment at its terminus, have been mapped
throughout the Ross Sea to determine how far north the ice progressed in individual
basins and banks (e.g. Shipp et al., 1999; Shipp et al., 2002; Mosola and Anderson,
2006). To the east of the Coulman High site, in the Central and JOIDES Basin,
geomorphic features on the seafloor have been grouped into different zones repre-
senting depositional and erosional processes (Shipp et al., 2002). The outer zones
have been interpreted as the zone of deposition, by the advancement of the grounded
ice (between 75-74◦S). The zone of transition is seen between 77 and 75◦S where
transverse moraines, grounding zone wedges and crevasse-fill wedges are present.
Corrugation moraines (small, 1-2 m high, closely spaced, 40-100 m, and straight-
crested corrugation) are observed in all zones (Figure 5.4; Shipp et al., 2002).
The corrugation moraines are thought to be deposited during the retreat of the
ice sheet, where during a pause in the retreat, a sediment wedge accumulated at the
outer limit of the ice. These are thought to be annual features, depicting a retreat
rate of the grounded ice between 40 and 100 m a−1 (Shipp et al., 2002). Conway
et al. (1999) report a retreat rate of 84 m a−1 of the grounded ice the Ross Sea,
which agrees with the retreat rate of the ice shelf in the Western Ross Embayment
calculated by Domack et al. (1999) of approximately 100 m a−1. Chronology on
sediment cores collected at the southern part of the Drygalski Trough showed that
the calving line passed this location at 9,500 14C BP, and the ice shelf experienced
a rapid retreat to Ross Island, where open water conditions where established at
8,861 14C BP (Figure 5.4; McKay et al., 2008).
As ice shelves act as a buttress to outlet glaciers draining ice sheets, physical obsta-
cles such as Ross Island help to impede flow of an ice shelf resulting in a thickening
of the ice shelf, and therefore act as a pinning point whereby the calving line re-
mains at that location for a prolonged time (Rott et al., 1998). As the grounding
line retreated south, past Ross Island after ∼10,000 14C yr BP, the ice shelf is hy-
pothesized to have become pinned to Ross Island based on the lack of open water
facies from Holocene cores collected beneath the McMurdo Ice Shelf (McKay et al.,
2008).
In the Coulman High facies succession discussed above, the massive diamict is over-
lain by a coarse mud with abundant clasts (granulated facies) that is indicative of
the retreat of the grounding line (e.g. Domack et al., 1999). As the grounding line
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retreated further south, the core location is situated in the ‘null-zone’. The null-zone
is defined by Domack et al. (1999) as being too distal from the grounding zone to
allow for the deposition of sand or gravel derived from the grounding line, as well
as being to distal from the open marine environment where micro-organisms are
unlikely to have been advected that far underneath the ice shelf. The facies succes-
sion from the granulated mud is seen as the fining of the sediment; the ‘null-zone’
facies is represented by fine sand silts and clays, whereby the sand content drops to
0% as the grounding continues to retreat away from the core site (Domack et al.,
1999). Although Domack et al. (1999) define this unit as structureless or slightly
bioturbated, at Coulman High this facies is dominated by sub-mm-scale laminae
(Figure 5.2). As discussed in Chapter 4, these laminae are likely formed in the pres-
ence of traction currents resulting from tidal pumping at the grounding zone. The
clasts in the overlying laminated mud have a different provenance signature (Fig-
ure 4.5), and lack biotite schist grains. As there is no basaltic signature, a debris
flow depositing the coarse sediment is unlikely.
At the same depth as the increase in both diatom content and coarse sediment,
planktonic foraminifera are found, a sign of open water conditions at the site. These
foraminifera are dated to be 8,800 14C yr BP (uncorrected and uncalibrated), and are
the southern most marine age control on the retreat of the Ross Ice Shelf. The well
preserved foraminifera, elevated diatom content and the increase in coarse sediment
provides tangible evidence that there was open water over the site for a short period
of time. Radiocarbon chronology done on bulk sediment near Ross Island suggest
that by 8,900 14C yr BP open marine conditions were established north of Ross
Island (McKay et al., 2008). Using a reservoir age of 1200 years on the foraminifera
samples of Coulman High, gives an age of 7,600 14C yr BP. This is slightly younger
than the age presented by McKay et al. (2008), however their ages were AIO dates
on bulk sediments and likely had a component of reworked “old” carbon and were
considered to be a maximum age. Calibrating the Coulman High age gives a date
of ∼8,470 yr cal BP (see Table 4.2 for the method). The widespread mid-Holocene
climate optimum in Antarctica is dated between 11,500 and 9000, with an additional
warm period in the Ross Sea between 7000-5000 yr using ice cores (Masson et al.,
2000). The stabilisation of the ice shelf calving line at this time could either be due
to the cooling following the mid-Holocene optimum, or it was the consequence of an
internal stabilising mechanism whereby Ross Island acted as a pinning point. How-
ever there are large uncertainties regarding the timing of the mid-Holocene warm
period (Indermu¨hle et al., 1999), and combined with uncertainties in the reservoir
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age correction (and therefore the calibration of the radiocarbon ages) it is hard to
distinguish between either hypothesis. In comparing the corrected age given above
to existing dates from the Ross Sea suggests that as the grounding line retreated,
the calving line closely followed this retreat.
Additionally, a third mechanism is possible. As the grounded ice retreated since
the last glacial, the calving line was coupled to this retreat and was relatively close
to the grounding line, compared to present day (distance is more than 1000 km
between the calving and grounding line at the Siple Coast). As the grounding line
retreated south of Ross Island at 10,000 14C yr BP (corrected; McKay et al., 2008),
the calving line followed and it is possible that it retreated further south of Ross
Island. The calving line of the Ross Ice Shelf is unlikely to have retreated as far
south as Minna Bluff and then re-advanced during the Holocene, as the cores col-
lected by McKay et al. (2008) show no evidence of the collapse of the McMurdo Ice
Shelf during the Holocene; e.g. 60 cm of mud with a lack of IRD.
Therefore, despite the presence of open water during the early Holocene at the
Coulman High, the core sites in this study suggest that Cape Crozier has acted as
a pinning point throughout the Holocene. Initial open water conditions at 7,600
14C yr BP (corrected) may have been followed by a period of sub-ice shelf depo-
sition in a calving line proximal location during the Early Holocene, as indicated
by bioturbated muds overlying the diatom-bearing laminated with IRD. It is hard
to quantify by how many kilometres the ice shelf re-advanced, since diatoms and
other microorganisms can get advected underneath an ice shelf (Cunningham and
Leventer, 1998). Following this, the condensed interval of ∼20 cm of diatom ooze
with pervasive bioturbation and abundant sand/gravel represents the development
of the modern calving line ‘zone’ over the drill site with the pinning point located
near Cape Crozier. This is the location where the calving of large icebergs occurs,
similar to the C-19 calving event where a 32 km wide iceberg calved off in 2002, to
leave the site in periodically open water. Due to the condensed and heavily biotur-
bated nature of this interval, constraining the timing of the onset of these conditions
is difficult to date. The AIO bulk sediment dates of both CHGC-08 and 14 in this
unit range between 10-16 ka 14C BP, and reversals are present. Due to the extensive
bioturbation, this was anticipated.
The style of retreat of the Ross Ice Shelf since the LGM is hard to interpret solely
using the cores collected at Coulman High. Conway et al. (1999) suggest a ‘swinging
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gate’ retreat, where the ice sheet stayed pinned at Roosevelt Island until 3,200 yr
BP while retreating in the Western Ross Sea, and along Shackleton Coast. The
banks present in the Ross Sea, like Crary, Ross, Pennell Bank and Ridges in the
Eastern Ross Sea, separate the lower lying basin in the embayment. These lower
lying troughs are hypothesised to represent the location of former paleo-ice streams
(Hughes, 1977). Mosola and Anderson (2006) suggest that these paleo-ice streams
in the Eastern Basin are an extension of the ice streams entering the Ross Ice Shelf
at the Siple Coast. It is likely that the banks in the Ross Sea had a similar effect
on the retreat of the grounded ice, as Ross Island has on the ice shelf, they acted as
pinning points (Mosola and Anderson, 2006). As a result, the ice sheet may have
retreated in an asynchronous manner within each of these basins.
The results from the Coulman High cores can not distinguish between either style
of retreat as proposed by Conway et al. (1999) or Mosola and Anderson (2006), but
provide an additional data point from which future studies can build on to test these
hypotheses. However, the study can shed additional insight into the rate of retreat
of the ice shelf and ice sheet grounding line. Domack et al. (1999) calculated a re-
treat rate of 100 m a−1of the ice shelf calving line using a core located in Drygalski
Trough (100 km south of Coulman Island; NBP 95-01 KC 37) to a core location in
Granite Harbour (NBP 95-01 PC 26).
Shipp et al. (2002) used the retreat of Domack et al. (1999) and Conway et al.
(1999) to suggest that the grounding line retreated between 40 to 100 m a−1, and
they interpreted the corrugation moraines observed in the Ross Sea to be annual
features of the grounded ice retreating. However, the corrugation moraines are in
the JOIDES and Central Basin, which is adjacent to the basin Domack et al. (1999)
calculated the ice shelf retreat. The similar retreat rates calculated in both basins
suggest that they may have retreated simultaneously. Using the same latitude of
core NBP95-01 KC 37, with a corrected age of 10,500 14C yr BP, calculating the
rate of retreat of the calving line to the Coulman High site using the corrected (un-
calibrated) age of 7,70014C yr BP, results in a retreat rate of 118 m a−1 (Figure 5.4).
This is highly consistent with the retreat rate by Domack et al. (1999) and and the
corrugation moraines from Shipp et al. (2002).
Future work and more chronology might constrain the style and rate of retreat, and
determine whether Ross Ice Shelf is sensitive to decadel/millenial climate change, or
if large calving events, like the one around 7,700 14C yr BP, are part of the natural
CHAPTER 5. DISCUSSION 61
behaviour of the world’s largest ice shelf.
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Chapter 6
Conclusions and future work
The main conclusions of this study are:
• The sediment cores collected at Coulman High show a similar vertical succes-
sion of facies observed in previous studies done in the Ross Sea that allow for
a glacial retreat history of the LGM ice sheets in the Ross Embayment to be
determined. In particular, cores collected at Site 2, 15 km from the present-
day calving line, display an exceptional well-preserved glacial retreat sequence
of subglacial/grounding line proximal diamicts into grounding line proximal
laminated muds, including a short-lived period of open water deposition of
laminated muds with IRD, diatoms and foraminifera.
Provenance data collected from diamict at the base of the facies succession
indicates that during the LGM, the ice flowing over the site was derived from
the Byrd Glacier, whereas the provenance of clasts contained in the lami-
nated muds with clasts and diatom oozes higher in the section do not contain
lithologies consistent with transport from the Byrd Glacier, suggesting they
were transported to the site from iceberg derived either from Ross Island or
from Transantarctic Mountain outlet glacier to the north of the drill site.
• Radiocarbon dating of foraminifera in the laminated muds enable the timing
of the first post-LGM open marine conditions at Coulman High to be dated
at 7,600 14C yr BP (corrected age). This age constrain provides an age for
the establishment of modern-day calving line following retreat of the LGM
ice sheets and shelf in the Ross Embayment. This date also suggests that
Ross Island has acted as a pinning point for the Ross Ice Shelf since the early
Holocene.
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The ice shelf retreat in the Drygalski Trough has been calculated to be ∼100
m a−1, which correlates well with the retreat rate calculated in the Central
Basin, with a retreat rate of ∼118 m a−1. Due to the presence of the mm-scale
laminae in the mudstone facies, and the corregated moraines in the JOIDES
and Central Basin which are formed by the retreat of the grounding line, and
it is suggested that the grounding line retreated at a maximum rate of 100 m
a−1, it is likely that the grounding and calving line were coupled, and to close
proximity to each other.
Open water conditions are likely to have occurred periodically through out
much of the late Holocene, as all cores site contain an uppermost unit consist-
ing of 10-30 cm of intensely bioturbated diatom ooze with abundant gravel and
boulders, although due to the condensed and reworded nature of radiocarbon
datable material in this unit, it is difficult to accurately date the interval of
which these have been deposited.
Future work entails high resolution sampling of an additional core from Site 2 for
foraminifera to establish a better chronology of the retreat of the ice shelf and possi-
ble ice sheet in the Ross Sea. This will also enable the analyses of δ18O of additional
foraminifera found, which will give an insight if there has been an enhanced basal
melting prior to the collapse of the ice shelf at this location (Domack et al., 2005).
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Appendix A
Field Methods
The site survey included the following operations (Table A.1):
i) Camp setup: This involved a traverse from McMurdo Station to the Coulman
High site. The move from one site to another was achieved with two Caterpillar
D6 tractors as prime movers dragging seven containers at a time. The camp
encompassed 15 containers, of which six were used as living quarters, with the
remainder were used as storage, work sheds and drilling space. During the
field season, camp was moved three times and the move took less than a day.
ii) Hot water drill (HWD) operation: The HWD had been deployed successfully
in the past through an ice thickness of 80 m. This field season was to test the
HWD through thicker ice at Coulman High, where the ice is up to 273 m thick.
Drilling a hole through the ice, making a bulb to act as a water reservoir and
reaming the hole to a uniform diameter took two days.
iii) Oceanograhic measurements: Two oceanographic moorings were deployed,
each comprised five Nortek Aquadopps and five SeaBird Microcat inductive
modem instruments and were placed at five depths in the water column. The
Aquadopps measured the current strength and direction, whilst the Microcats
measured salinity, temperature and pressure. The National Institute of Water
and Atmosphere (NIWA) mooring was deployed at Site 1, on November 24,
initially planned for two months. The Woods Hole Oceanographic Institute
(WHOI) mooring was deployed at Site 2, on December 1, and it was recov-
ered on January 23. The NIWA mooring was recovered on January 17 and
redeployed on January 21 to stay in place for three years. At all sites, CTD
measurements were carried out. At Site 2 and 3, a 28-hour long CTD (Con-
ductivity/Temperature/Depth) profile was done. In addition at Site 3, water
samples were taken.
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iv Sediment cores: At all four sites sediment cores were recovered using a gravity
corer with a plastic core barrel ranging in length from 0.5m to 2m, which
was provided by the Alfred Wegener Institute. The corer was deployed using
different barrel lengths. A total of 28 cores were recovered with the longest
measuring 1.3 m.
v) Video imagery: The Downhole Optical Calibration Tool for Observing Round-
ness (DOCTOR) was used to image the hole through the ice shelf and image
the sea floor. The DOCTOR was used at all sites, sometimes in combination
with the CTD to get accurate depths and temperatures of the water in the
hole as an indication of how quickly the hole would refreeze. At Site 3 and 4
the Submersible Capable of under Ice Navigation and Imaging (SCINI) robot
was used to image the bottom of the ice shelf.
vi) Gravity survey: The gravity survey took place between December 7 and De-
cember 14, 2010. This survey was conducted by Otago University, led by Gary
Wilson.
vii) VSP: Vertical Seismic Profile with the receiver suspended in the water column
at Site 4. The VSP survey was carried out by University of California, Santa
Barbara, led by Doug Wilson and Bruce Luyendyk.
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Ross Island
Water depth:
Site 1: 798 m
Site 2: 862 m
Site 3: 860 m
Site 4: 864 m
Distance to calving line:
Site 1: 5 km
Site 2: 15 km
Site 3: 10 km
Site 4: 3 km
Ice shelf thickness:
Site 1: 261 m
Site 2: 273 m
Site 3: 253 m
Site 4: 268 m
Figure A.1: Sketch to illustrate the thickness of the ice shelf, distance from calving
line, and the water column depth.
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Appendix B
Data from all cores
This appendix contains
• Stratigraphic logs form all cores that were split
• Plot of the physical properties from the multi sensor core logging tool (Fig-
ure B.8; B.9; B.10; B.11)
• Physical property data on CHGC-14 including physical properties from AWI
(Figure B.2; Table B.1; B.3)
• Diatom content in CHGC-08 (Table B.4)
• Grain size data log on CHGC-08 (Figure B.13; B.14)
• Grain size data on CHGC-08 (Table B.5)
• Petrology counts for CHGC-08 (Table B.9)
• Sortable silt data on CHGC-08 (Figure B.15)
81
APPENDIX B. DATA FROM ALL CORES 82
Stratigraphic logs
• CHGC-05, Site 1 (Figure B.1)
• CHGC-07, Site 2 (Figure B.2)
• CHGC-11, Site 2 (Figure B.3)
• CHGC-14, Site 3 (Figure B.4)
• CHGC-17, Site 3 (Figure B.5)
• CHGC-22, Site 4 (Figure B.6)
• CHGC-23, Site 4 (Figure B.7)
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0-14 cm Sandy-mud rich diatom ooze. 
Greenish-grey with mottled texture, cm-scale oval
burrows. Common-abundant clasts, granule-
pebble size. Lower contact is bioturbated.  
14-38 cm Clayey-silt with abundant clasts.  
Medium-dark grey, clasts range from granule-
pebble size.   
Diatom ooze
Silty clay / Clayey silt bioturbation
clasts present
Bioturbation index: 0=absent, 3=moderate
bioturbation, 6=complete bioturbation
0 1 2 3 4 5 6
Figure B.1: Stratigraphic log for CHGC-05
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0-20 cm Sandy-mud bearing diatom ooze (DO) 
Yellow-green, with abundant clasts, granule-
pebble size. Well preserved diatoms and
sponge spicules. Bioturbation throughout 
unit. Bioturbated lower contact. 
20-50 cm Silty-clay (Mb) Medium grey, 
bioturbation is rare. Visible green laminae 
at 48 cm. Sharp lower contact. 
50-74 cm Silty-clay (Mc,l) Light-medium grey, 
with sub-mm scale laminae, both in colour
and texture. Gravel/sand rich layer between
56-61 cm. Sharp lower contact.
74-80 cm Clayey-silt (Mc) Medium-dark grey, 
massive with uncommon clasts, pebble size. 
Sharp lower contact. 
80-89.5 cm Clast-rich muddy diamict (Dm) 
Dark grey, poorly sorted, clasts range from 
granule-pebble size. 
(mm)
clasts present
laminae
bioturbation
Diatom ooze
Silty clay / Clayey silt
Diamict
Bioturbation index: 0=absent, 3=moderate
bioturbation, 6=complete bioturbation
0 1 2 3 4 5 6
Figure B.2: Stratigraphic log for CHGC-07
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0-22 cm Sandy-mud bearing 
diatom ooze (DO) Yellow-green, mottled 
texture. Abundanct clasts throughout
the unit, granule-pebble size.
Bioturbated lower contact.
22-50 cm Silty clay (Mb) Yellow-grey with 
dark gray bed at 22-34 cm. Mottled 
texture throughout unit. Colour gradually 
becoming light down section. 
Bioturbation cm-scale with large vertical 
burrows grading down into mm-scale 
condrites. Oxidation rings around burrows.
Gradational lower contact over 5 cm.
50-82 cm Clayey silt grading into silty 
clay (Mc,l) Light to dark grey. Fining down with 
distinct sand/granular rich bed at 57-58 cm. 
Sandy mud (quartz-feldspathic) laminae 
occurs at 78 cm. Faint laminae defined by 
colour and possible texture. Sharp lower
contact.
82-97 cm Clast-rich muddy diamict (Dm) 
Dark grey, massive. 
Figure B.3: Stratigraphic log for CHGC-11
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30-80 cm Clayey silt to silty clay (Mc,l) 
Medium-dark grey. Fine and coarse silt 
intermixed at mm-to-cm scale. Several beds
of coarse material present at 37-38 cm and
75-77 cm. Well defined mm-scale parallel
laminae occur between 35-42 cm. Dispersed
clasts from 60 cm down, granule-pebble size. 
Lower contact is intercalated over 3 cm.
80-127 cm Clast rich muddy diamict (Dm)
Dark grey. Contorted bedding, stratified at
cm scale as defined by grain size variation.
Clasts present granule-pebble size.
0-30 cm Clayey-silt rich diatom ooze (DO)
Yellow green becoming green grey down
core. Heavily mottled (bioturbation). Dispersed
clasts, granule-pebble size. Lower contact is
bioturbated over 4 cm. 
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Figure B.4: Stratigraphic log for CHGC-14
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0-8 cm Clayey silt bearing diatom ooze (DO) 
Yellow-green, with abundant clasts, granule-
pebble size. Layer of coarse material present
at 5-7 cm. Splitting disturbance. 
Sharp lower contact. 
8-106 cm Clayey silt with abundant clasts (Mc) 
Medium-dark grey. Distinct brown beds at
11.5-13.5 and 15-17 cm. The beds within in this 
unit vary from silty clay and clayey silt, with a 
gradational upper and lower contact.
C Z S G
clasts presentDiatom ooze
Silty clay / Clayey silt (mm) laminae
Bioturbation index: 0=absent, 3=moderate
bioturbation, 6=complete bioturbation
0 1 2 3 4 5 6
Figure B.5: Stratigraphic log for CHGC-17
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0-12 cm Clayey-silt diatom ooze (DO) 
Light-medium grey, with common clasts, 
granule-pebble size. Lower contact is sharp.
12-75 cm Fine-sandy mud (Mc) 
Medium grey with abundant clasts, granule 
to pebble size. Bioturbation present at 15.5 cm. 
Contorted bedding towards bottom of the unit.  
contorted bedding
Bioturbation index: 0=absent, 3=moderate
bioturbation, 6=complete bioturbation
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C Z S G
Figure B.6: Stratigraphic log for CHGC-22
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0-11 cm Clayey-silt rich diatom ooze (DO) 
Yellow green, with black specs. Common 
clasts throughout unit, granule size. 
Sharp lower contact.
11-18 cm Clayey-silt intermixed with diatom ooze (Mb)
Light-medium grey, yellow-green beds at 16-17 cm.
Stratification defined by colour, bioturbation present, 
with common clasts, granule size. Sharp lower contact.
18-50 cm Clast-rich muddy diamict (Dm)
Medium-dark grey, with abundant clasts, 
granule-pebble size.
Figure B.7: Stratigraphic log for CHGC-23
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Physical properties
Data presenting the physical properties from the split cores.
0
5
10
15
20
25
30
35
40
De
pt
h 
(c
m
)
1.00 1.25 1.50 1.75 2.00
Density g/cm^3
0 25 50 75 100
Magnetic Susceptibility
      10^-5 SI units 
0.00 0.25 0.50 0.75 1.00
P−wave Amplitude mm
0 1000 2000 3000
P−wave Velocity (m/s)
Figure B.8: Physical properties from CHGC-05. a) scanned image and x-ray of the
core, b) density, c) magnetic susceptibility, d) p-wave amplitude, e) p-wave velocity.
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Figure B.9: Physical properties from CHGC-11. a) scanned image and x-ray of the
core, b) density, c) magnetic susceptibility, d) p-wave amplitude, e) p-wave velocity.
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Figure B.10: Physical properties from CHGC-17. a) scanned image and x-ray of the
core, b) density, c) magnetic susceptibility, d) p-wave amplitude, e) p-wave velocity.
APPENDIX B. DATA FROM ALL CORES 92
0
10
20
30
40
50
60
70
80
De
pt
h 
(c
m
)
0.0 0.5 1.0 1.5 2.0
Density g/cm^3
0 100 200 300 400 500
Magnetic Susceptibility
        10^-5 SI units 
0.00 0.25 0.50 0.75 1.00
P−wave Amplitude mm
1000 2000
P−wave Velocity (m/s)
Figure B.11: Physical properties from CHGC-22. a) scanned image and x-ray of the
core, b) density, c) magnetic susceptibility, d) p-wave amplitude, e) p-wave velocity.
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Diatom content in CHGC-08
Table B.4: Diatom counts
Depth (cm) *109 (v/g)
4 1.8242
9 1.4623
14 1.3672
21 1.0692
27 0.5793
32 0.4559
39 0.4288
45 0.3736
49 0.5097
52 0.5868
54 0.6125
57 0.7450
59 0.7417
60 0.5402
63 0.4911
67 0.4628
74 0.4685
80 0.3936
86 0.3683
92 0.3263
99 0.2920
105 0.2715
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Grain size CHGC-08
Grain size >150 µm on CHGC-08, Site 2.
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Figure B.13: Grainsize analysis on CHGC-08. a) weight percentage of grains greater
than 150 µm. b) the greater than 150 µm fraction divided in 150-500 µm, 500-2000
µm and greater than 2000 µm.
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Grainsize analysis done on CHGC-08, Site 2.
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Figure B.14: Grainsize analysis on CHGC-08, smaller than 150 µm. The image of
the core, the clay, silt and fine sand percentage throughout the core, and individual
histograms at particular depths with a division line between clay/silt (8 phi), and
silt/fine sand (4 phi).
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6
0
.0
9
0
.1
2
0
.1
6
0
.2
2
0
.3
0
0
.3
9
0
.5
2
0
.6
7
0
.8
5
1
.0
5
1
.2
6
1
.4
7
1
.6
7
1
.8
4
1
.9
7
2
.0
5
9
9
(c
m
)
0
.0
1
0
.0
1
0
.0
2
0
.0
3
0
.0
4
0
.0
6
0
.0
8
0
.1
1
0
.1
5
0
.2
1
0
.2
9
0
.3
9
0
.5
2
0
.6
8
0
.8
7
1
.0
7
1
.2
9
1
.5
1
1
.7
1
1
.8
8
2
.0
1
2
.0
8
1
0
2
(c
m
)
0
.0
1
0
.0
2
0
.0
3
0
.0
5
0
.0
6
0
.0
8
0
.1
0
0
.1
3
0
.1
7
0
.2
2
0
.2
8
0
.3
7
0
.4
9
0
.6
2
0
.7
8
0
.9
7
1
.1
6
1
.3
5
1
.5
3
1
.6
9
1
.8
1
1
.8
8
1
0
4
(c
m
)
0
.0
1
0
.0
1
0
.0
2
0
.0
2
0
.0
4
0
.0
5
0
.0
7
0
.1
1
0
.1
5
0
.2
0
0
.2
8
0
.3
8
0
.5
1
0
.6
6
0
.8
3
1
.0
3
1
.2
3
1
.4
3
1
.6
2
1
.8
0
1
.9
2
2
.0
1
1
0
7
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
1
0
.0
2
0
.0
4
0
.0
7
0
.1
1
0
.1
6
0
.2
4
0
.3
4
0
.4
6
0
.6
1
0
.7
9
0
.9
8
1
.1
9
1
.3
9
1
.5
8
1
.7
5
1
.8
8
1
.9
6
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C
H
G
C
-0
8
co
n
ti
n
u
ed
P
h
i
8
.4
2
8
.2
9
8
.1
5
8
.0
2
7
.8
8
7
.7
5
7
.6
1
7
.4
8
7
.3
4
7
.2
1
7
.0
7
6
.9
4
6
.8
0
6
.6
7
6
.5
4
6
.4
0
6
.2
7
6
.1
3
6
.0
0
5
.8
6
5
.7
3
5
.5
9
5
.4
6
0
(c
m
)
1
.4
4
1
.4
7
1
.4
8
1
.4
8
1
.5
0
1
.5
1
1
.5
5
1
.5
7
1
.6
2
1
.6
6
1
.7
4
1
.8
3
1
.9
4
2
.0
7
2
.1
9
2
.3
8
2
.5
3
2
.7
0
2
.7
9
2
.8
0
2
.7
5
2
.6
7
2
.6
6
3
(c
m
)
1
.6
0
1
.5
9
1
.5
7
1
.5
4
1
.5
1
1
.4
8
1
.4
8
1
.4
6
1
.4
8
1
.4
9
1
.5
5
1
.6
1
1
.6
9
1
.8
0
1
.9
0
2
.0
6
2
.1
7
2
.2
6
2
.2
5
2
.1
6
2
.0
4
1
.9
4
1
.9
8
6
(c
m
)
1
.7
3
1
.7
3
1
.7
2
1
.6
9
1
.6
6
1
.6
3
1
.6
2
1
.5
9
1
.6
0
1
.6
0
1
.6
4
1
.7
0
1
.7
7
1
.8
8
1
.9
8
2
.1
5
2
.3
2
2
.4
9
2
.5
4
2
.4
7
2
.2
9
2
.1
0
2
.0
3
8
(c
m
)
2
.0
8
2
.1
1
2
.1
1
2
.1
0
2
.1
1
2
.1
2
2
.1
5
2
.1
7
2
.2
2
2
.2
5
2
.3
3
2
.4
2
2
.5
1
2
.6
2
2
.7
1
2
.8
5
2
.9
6
3
.0
7
3
.0
9
3
.0
6
2
.9
8
2
.8
8
2
.8
2
1
2
(c
m
)
2
.4
9
2
.4
7
2
.4
1
2
.3
4
2
.2
8
2
.2
2
2
.1
9
2
.1
5
2
.1
5
2
.1
5
2
.1
9
2
.2
5
2
.3
2
2
.4
0
2
.4
6
2
.5
3
2
.5
5
2
.5
5
2
.4
7
2
.3
4
2
.2
2
2
.1
1
2
.0
9
1
5
(c
m
)
2
.6
4
2
.6
3
2
.5
8
2
.5
2
2
.4
7
2
.4
1
2
.3
8
2
.3
3
2
.3
3
2
.3
2
2
.3
5
2
.4
1
2
.4
6
2
.5
4
2
.6
1
2
.7
2
2
.7
8
2
.8
2
2
.7
4
2
.5
8
2
.4
0
2
.2
7
2
.2
6
1
8
(c
m
)
2
.7
2
2
.7
1
2
.6
8
2
.6
2
2
.5
9
2
.5
5
2
.5
5
2
.5
4
2
.5
7
2
.6
0
2
.6
7
2
.7
5
2
.8
3
2
.9
3
2
.9
9
3
.0
9
3
.1
2
3
.1
3
3
.0
4
2
.9
0
2
.7
5
2
.6
2
2
.5
7
2
1
(c
m
)
2
.8
3
2
.8
0
2
.7
4
2
.6
6
2
.6
0
2
.5
4
2
.5
1
2
.4
7
2
.4
7
2
.4
8
2
.5
3
2
.6
0
2
.6
7
2
.7
6
2
.7
9
2
.8
4
2
.8
2
2
.7
9
2
.6
8
2
.5
3
2
.3
7
2
.2
1
2
.1
3
2
4
(c
m
)
2
.8
6
2
.8
6
2
.8
4
2
.7
9
2
.7
7
2
.7
4
2
.7
4
2
.7
4
2
.7
7
2
.7
9
2
.8
5
2
.9
2
2
.9
7
3
.0
2
3
.0
2
3
.0
2
2
.9
4
2
.8
5
2
.6
9
2
.4
9
2
.2
8
2
.0
8
1
.9
4
2
8
(c
m
)
2
.9
8
3
.0
1
3
.0
3
3
.0
2
3
.0
5
3
.0
6
3
.1
2
3
.1
6
3
.2
3
3
.3
0
3
.3
9
3
.4
8
3
.5
3
3
.5
7
3
.5
1
3
.4
4
3
.2
7
3
.0
5
2
.7
6
2
.4
3
2
.1
5
1
.9
0
1
.7
3
3
1
(c
m
)
4
.1
7
4
.1
5
4
.1
0
4
.0
2
3
.9
6
3
.8
9
3
.8
5
3
.8
0
3
.7
8
3
.7
5
3
.7
2
3
.6
8
3
.6
1
3
.4
9
3
.2
7
2
.9
7
2
.5
7
2
.1
3
1
.7
1
1
.3
6
1
.1
3
0
.9
9
0
.9
1
3
3
(c
m
)
3
.6
8
3
.7
2
3
.7
3
3
.7
1
3
.7
0
3
.6
7
3
.6
5
3
.6
2
3
.6
1
3
.5
9
3
.5
8
3
.5
6
3
.5
1
3
.4
4
3
.2
9
3
.1
3
2
.9
0
2
.6
7
2
.4
2
2
.1
7
1
.9
2
1
.6
5
1
.3
6
3
6
(c
m
)
3
.3
5
3
.3
5
3
.3
4
3
.3
0
3
.2
9
3
.2
7
3
.2
9
3
.3
0
3
.3
4
3
.3
7
3
.4
2
3
.4
7
3
.4
9
3
.4
7
3
.3
6
3
.2
0
2
.9
5
2
.6
7
2
.3
5
2
.0
4
1
.7
7
1
.5
4
1
.3
6
3
9
(c
m
)
3
.4
7
3
.4
6
3
.4
3
3
.3
7
3
.3
4
3
.2
9
3
.2
9
3
.2
8
3
.3
0
3
.3
2
3
.3
7
3
.4
2
3
.4
5
3
.4
6
3
.3
8
3
.2
6
3
.0
3
2
.7
8
2
.4
7
2
.1
7
1
.9
1
1
.6
8
1
.5
2
4
2
(c
m
)
2
.7
7
2
.8
0
2
.8
2
2
.8
1
2
.8
3
2
.8
5
2
.9
0
2
.9
4
3
.0
1
3
.0
8
3
.1
8
3
.2
8
3
.3
8
3
.4
7
3
.4
9
3
.5
2
3
.4
6
3
.3
8
3
.2
0
2
.9
4
2
.6
4
2
.3
3
2
.0
9
4
5
(c
m
)
3
.0
8
3
.0
9
3
.0
8
3
.0
4
3
.0
3
3
.0
1
3
.0
2
3
.0
2
3
.0
6
3
.0
9
3
.1
5
3
.2
1
3
.2
6
3
.3
1
3
.2
9
3
.2
6
3
.1
4
2
.9
9
2
.7
6
2
.5
1
2
.2
8
2
.0
8
1
.9
6
4
8
(c
m
)
3
.1
4
3
.1
6
3
.1
6
3
.1
4
3
.1
4
3
.1
3
3
.1
5
3
.1
6
3
.2
0
3
.2
2
3
.2
8
3
.3
4
3
.3
7
3
.4
0
3
.3
6
3
.3
2
3
.2
1
3
.0
7
2
.8
5
2
.5
5
2
.2
2
1
.8
7
1
.6
0
5
1
(c
m
)
2
.5
7
2
.6
0
2
.6
1
2
.6
1
2
.6
2
2
.6
2
2
.6
6
2
.6
8
2
.7
2
2
.7
7
2
.8
4
2
.9
1
2
.9
7
3
.0
2
3
.0
2
3
.0
3
2
.9
7
2
.8
8
2
.7
1
2
.4
7
2
.2
1
1
.9
8
1
.8
4
5
3
(c
m
)
2
.5
0
2
.4
9
2
.4
6
2
.4
2
2
.3
9
2
.3
6
2
.3
6
2
.3
6
2
.3
9
2
.4
2
2
.4
8
2
.5
6
2
.6
3
2
.7
1
2
.7
4
2
.7
8
2
.7
5
2
.6
8
2
.5
2
2
.3
1
2
.1
1
1
.9
6
1
.9
1
5
7
(c
m
)
2
.7
2
2
.7
2
2
.6
9
2
.6
5
2
.6
2
2
.5
8
2
.5
8
2
.5
7
2
.5
8
2
.5
8
2
.6
1
2
.6
6
2
.7
0
2
.7
5
2
.7
7
2
.8
2
2
.8
4
2
.8
6
2
.7
8
2
.5
9
2
.3
1
2
.0
0
1
.8
1
6
0
(c
m
)
3
.1
2
3
.0
6
2
.9
7
2
.8
6
2
.7
6
2
.6
5
2
.5
7
2
.4
9
2
.4
4
2
.4
0
2
.4
0
2
.4
2
2
.4
4
2
.4
7
2
.4
8
2
.5
2
2
.5
4
2
.5
7
2
.5
1
2
.3
6
2
.1
2
1
.8
6
1
.7
0
6
2
(c
m
)
2
.3
5
2
.3
6
2
.3
4
2
.3
1
2
.2
9
2
.2
7
2
.2
7
2
.2
7
2
.2
9
2
.3
2
2
.3
8
2
.4
4
2
.5
0
2
.5
7
2
.6
1
2
.6
9
2
.7
2
2
.7
4
2
.6
4
2
.4
6
2
.2
5
2
.0
7
2
.0
1
6
3
(c
m
)
2
.4
8
2
.5
0
2
.4
9
2
.4
7
2
.4
6
2
.4
4
2
.4
4
2
.4
4
2
.4
6
2
.4
7
2
.5
3
2
.6
0
2
.6
6
2
.7
5
2
.8
1
2
.9
1
2
.9
7
3
.0
3
2
.9
8
2
.8
0
2
.5
4
2
.2
4
2
.0
5
6
7
(c
m
)
3
.0
4
3
.0
5
3
.0
3
2
.9
9
2
.9
6
2
.9
1
2
.9
0
2
.8
6
2
.8
6
2
.8
6
2
.8
9
2
.9
3
2
.9
6
3
.0
0
3
.0
0
3
.0
3
3
.0
1
2
.9
8
2
.8
7
2
.6
7
2
.4
0
2
.1
1
1
.8
9
7
0
(c
m
)
3
.3
9
3
.3
9
3
.3
6
3
.3
1
3
.2
8
3
.2
4
3
.2
4
3
.2
2
3
.2
4
3
.2
5
3
.3
0
3
.3
4
3
.3
7
3
.3
8
3
.3
2
3
.2
6
3
.1
0
2
.9
2
2
.6
7
2
.3
9
2
.1
3
1
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1
1
.7
6
7
3
(c
m
)
4
.7
2
4
.5
7
4
.3
7
4
.1
2
3
.8
7
3
.5
8
3
.3
2
3
.0
5
2
.8
3
2
.6
3
2
.4
7
2
.3
5
2
.2
3
2
.1
2
1
.9
6
1
.8
2
1
.6
7
1
.5
5
1
.4
3
1
.2
6
1
.0
0
0
.6
8
0
.3
5
7
6
(c
m
)
4
.6
9
4
.5
5
4
.3
5
4
.1
1
3
.8
8
3
.6
3
3
.4
0
3
.1
7
2
.9
9
2
.8
3
2
.6
9
2
.5
7
2
.4
6
2
.3
5
2
.1
9
2
.0
1
1
.7
6
1
.5
0
1
.2
6
1
.0
7
0
.9
7
0
.9
2
0
.9
0
8
0
(c
m
)
2
.1
9
2
.2
0
2
.1
8
2
.1
6
2
.1
4
2
.1
2
2
.1
2
2
.1
2
2
.1
4
2
.1
6
2
.2
2
2
.2
9
2
.3
6
2
.4
6
2
.5
3
2
.6
5
2
.7
2
2
.7
7
2
.7
0
2
.5
5
2
.3
6
2
.1
9
2
.1
3
8
3
(c
m
)
2
.2
3
2
.2
5
2
.2
4
2
.2
3
2
.2
2
2
.2
1
2
.2
2
2
.2
2
2
.2
6
2
.2
8
2
.3
4
2
.4
2
2
.4
9
2
.5
8
2
.6
5
2
.7
6
2
.8
4
2
.9
0
2
.8
4
2
.6
6
2
.4
1
2
.1
6
2
.0
3
8
6
(c
m
)
3
.4
9
3
.4
6
3
.3
7
3
.2
6
3
.1
8
3
.0
9
3
.0
1
2
.9
0
2
.8
1
2
.7
1
2
.6
3
2
.5
6
2
.5
0
2
.4
6
2
.4
1
2
.4
1
2
.3
9
2
.3
7
2
.2
7
2
.0
8
1
.8
4
1
.5
9
1
.4
2
9
0
(c
m
)
2
.1
1
2
.1
1
2
.1
0
2
.0
7
2
.0
4
2
.0
1
2
.0
0
1
.9
8
1
.9
8
1
.9
9
2
.0
2
2
.0
6
2
.0
9
2
.1
5
2
.1
9
2
.2
7
2
.3
1
2
.3
3
2
.2
5
2
.0
8
1
.8
9
1
.7
3
1
.6
9
9
3
(c
m
)
3
.3
1
3
.2
7
3
.1
8
3
.0
7
2
.9
9
2
.9
1
2
.8
6
2
.7
9
2
.7
5
2
.7
1
2
.6
9
2
.6
9
2
.6
9
2
.7
0
2
.6
7
2
.6
4
2
.5
4
2
.4
1
2
.2
2
1
.9
9
1
.7
8
1
.5
9
1
.4
7
9
6
(c
m
)
2
.0
9
2
.0
9
2
.0
7
2
.0
4
2
.0
1
1
.9
9
1
.9
9
1
.9
7
1
.9
9
2
.0
1
2
.0
6
2
.1
1
2
.1
6
2
.2
3
2
.2
6
2
.3
2
2
.3
5
2
.3
7
2
.3
2
2
.1
7
1
.9
5
1
.7
1
1
.5
6
9
9
(c
m
)
2
.0
9
2
.0
7
2
.0
3
1
.9
8
1
.9
3
1
.8
8
1
.8
6
1
.8
3
1
.8
4
1
.8
4
1
.8
8
1
.9
3
1
.9
8
2
.0
4
2
.0
8
2
.1
4
2
.1
5
2
.1
5
2
.0
7
1
.9
4
1
.7
9
1
.6
5
1
.5
9
1
0
2
(c
m
)
1
.9
1
1
.9
0
1
.8
8
1
.8
5
1
.8
3
1
.8
0
1
.7
9
1
.7
7
1
.7
8
1
.7
9
1
.8
3
1
.8
8
1
.9
2
1
.9
7
2
.0
2
2
.1
1
2
.1
6
2
.2
1
2
.1
5
1
.9
9
1
.8
0
1
.6
3
1
.5
7
1
0
4
(c
m
)
2
.0
5
2
.0
6
2
.0
5
2
.0
2
2
.0
1
1
.9
9
1
.9
9
1
.9
8
2
.0
0
2
.0
1
2
.0
6
2
.1
1
2
.1
7
2
.2
4
2
.2
8
2
.3
6
2
.4
0
2
.4
3
2
.3
8
2
.2
3
2
.0
3
1
.8
3
1
.7
1
1
0
7
(c
m
)
2
.0
0
2
.0
1
2
.0
0
1
.9
7
1
.9
6
1
.9
4
1
.9
5
1
.9
5
1
.9
8
2
.0
0
2
.0
6
2
.1
3
2
.1
9
2
.2
6
2
.3
0
2
.3
6
2
.3
8
2
.4
0
2
.3
3
2
.2
0
2
.0
3
1
.8
5
1
.7
6
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om
C
H
G
C
-0
8
co
n
ti
n
u
ed
P
h
i
5
.3
2
5
.1
9
5
.0
6
4
.9
2
4
.7
9
4
.6
5
4
.5
2
4
.3
8
4
.2
5
4
.1
1
3
.9
8
3
.8
4
3
.7
1
3
.5
8
3
.4
4
3
.3
1
3
.1
7
3
.0
4
2
.9
0
2
.7
7
2
.6
3
2
.5
0
2
.3
6
0
(c
m
)
2
.7
1
2
.8
5
3
.0
1
3
.1
6
3
.2
5
3
.2
6
3
.1
9
3
.0
4
2
.8
2
2
.5
6
2
.2
9
2
.0
5
1
.8
5
1
.7
1
1
.6
0
1
.4
8
1
.3
2
1
.1
3
0
.9
3
0
.7
3
0
.5
5
0
.3
9
0
.2
2
3
(c
m
)
2
.1
4
2
.4
3
2
.7
6
3
.0
6
3
.2
8
3
.3
8
3
.3
8
3
.2
9
3
.1
2
2
.8
8
2
.6
0
2
.3
1
2
.0
7
1
.8
8
1
.7
5
1
.6
4
1
.5
0
1
.3
1
1
.0
6
0
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.3
3
-0
.4
6
-0
.6
0
-0
.7
3
-0
.8
7
0
(c
m
)
0
.0
9
0
.0
2
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
3
(c
m
)
0
.0
5
0
.0
1
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
6
(c
m
)
0
.0
3
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
8
(c
m
)
0
.0
4
0
.0
2
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
1
2
(c
m
)
0
.0
3
0
.0
1
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
1
5
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
1
8
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
2
1
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
2
4
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
2
8
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
3
1
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
3
3
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
3
6
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
3
9
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
4
2
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
4
5
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
4
8
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
5
1
(c
m
)
0
.0
3
0
.0
1
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
5
3
(c
m
)
0
.0
5
0
.0
2
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
5
7
(c
m
)
0
.0
3
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
6
0
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
6
2
(c
m
)
0
.0
1
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
6
3
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
6
7
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
7
0
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
7
3
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
7
6
(c
m
)
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
8
0
(c
m
)
0
.0
5
0
.0
1
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
8
3
(c
m
)
0
.0
3
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
8
6
(c
m
)
0
.0
2
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
9
0
(c
m
)
0
.1
1
0
.0
2
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
9
3
(c
m
)
0
.0
6
0
.0
1
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
9
6
(c
m
)
0
.2
0
0
.0
4
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
9
9
(c
m
)
0
.1
9
0
.0
4
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
1
0
2
(c
m
)
0
.1
2
0
.0
2
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
1
0
4
(c
m
)
0
.1
3
0
.0
2
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
1
0
7
(c
m
)
0
.1
4
0
.0
3
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
0
.0
0
APPENDIX B. DATA FROM ALL CORES 104
Petrology Count
Table B.9: Petrology counts for CHGC-08
90cm 80cm 57cm 53cm 51cm 8cm 3cm 1cm
Heavy minerals 3 9 4 4 1 2 2 9
Calcite rock 7 0 2 0 0 0 0 0
Calcite min 4 2 0 7 0 0 0 0
Marble 0 3 1 0 1 0 0 0
Basalt 6 0 1 0 2 1 3 1
Dolerite 5 7 1 3 2 2 2 1
Feldspar 19 6 7 1 7 32 33 25
Quartz 43 47 36 34 22 25 56 43
Round quartz 8 7 17 10 2 4 2 5
Mica 1 1 1 0 0 1 0 3
Mylonitic granite 2 16 5 12 13 4 5 14
Granite 27 17 1 12 8 15 22 22
Polygranular quartz 6 1 2 1 8 3 6 1
Sandstone 8 0 0 0 0 1 0 1
Metasedimentary 12 7 6 6 3 0 2 3
Metamorphic 8 3 4 2 2 0 5 0
Phyllite 1 2 1 0 1 0 0 0
Biotite schist 3 10 0 0 0 0 0 0
Diamict 18 11 17 3 5 0 0 0
Carbonate 0 1 0 1 1 0 0 0
Sortable silt
4
6
ph
i
0 20 40 60 80 100
Depth (cm)
Figure B.15: Sortable silt data from CHGC-08.
